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ABSTRACT 
Our understanding of molecular mechanisms involved in germ cell development is 
limited to classical genetic model organisms and would benefit from studying additional 
animal models. Freshwater planarian provides a unique system for studying germ cell 
development: these animals appear to form their germline post-embryonically from 
neoblasts, the totipotent stem cells of the species. In this study, we aim to systematically 
investigate germ cell development in planarian species Schmidtea mediterranea. We first 
identified a S. mediterranea homolog of the conserved early germ cell marker and germ 
granule component nanos and showed that it is required for planarian germline 
development, maintenance, and regeneration. Then we took a microarray analysis 
approach to identify planarian germ cell-specific transcripts and validated their 
expression in planarian germline by whole-mount in situ hybridization (WISH). Finally, 
we carried out a RNA interference screen to analyze functions of these germline-specific 
genes in planarian germ cell development. We successfully identified a list of genes, 
encoding both conserved and novel factors, which play important roles regulating various 
stages of planarian germ cell differentiation. This work lays the groundwork for future 
studies using planarian as a model system to investigate molecular mechanisms 
underlying germ cell development. 
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CHAPTER 1 
INTRODUCTION 
The Totipotent Germline 
Germ cell development represents a unique type of cellular differentiation. In 
sexually reproducing organisms, germ cells are the only cell population that passes 
genetic information to the next generation. They are responsible for maintaining genome 
stability while providing an important mechanism for genetic recombination. Germ cell 
development is the process in which germ cells are segregated from other somatic cell 
types and differentiate as a specialized cell lineage, eventually giving rise to male or 
female gametes: sperm and egg. Germ cells maintain totipotency throughout most of their 
development; although the gametes are not totipotent by themselves, upon fertilization, 
zygotes are capable of generating new individuals and differentiating to form all cell 
types in the organism, including germ cells. Therefore, the germline is an essentially 
immortal lineage that does not age during the lifespan of organisms. The extraordinary 
ability of germ cells to achieve cellular differentiation while at the same time 
maintaininig a totipotent genome has fascinated scientists for decades, and still remains a 
fundamental problem in developmental biology today. 
Germ cell development in most organisms can be divided into several distinct 
phases, including specification of germline progenitors, migration of germ cell precursors 
to the somatic gonad and subsequent proliferation, and finally oogenesis and 
spermatogenesis to produce female and male gametes, respectively. Each of these phases 
involves profound molecular and cellular changes and requires precise regulation of 
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cellular function and behavior. Some of the most interesting questions include, but are 
not limited to: How are germ cells specified and their identity maintained throughout 
differentiation? What mechanisms ensure their segregation from somatic lineages? What 
are the signals responsible for germ cell migration? How is the proliferation vs 
differentiation decision (i.e., mitosis-meiosis transition) made during gametogenesis? 
What are the mechanisms underlying the terminal differentiation of sperm and egg? Are 
these mechanisms fundamentally different from those driving somatic differentiation? 
What mechanisms in the gametes ensure the proper zygote-to-embryo transition? 
Answers to these intriguing questions are likely to provide us important insights into the 
regulation of cellular differentiation as well as animal development. 
Studying germ cell development not only has its own intrinsic interest, but also 
bears important practical implications. One of the most exciting fields in biology today is 
to derive pluripotent embryonic stem cell (ESC)-like cells from differentiated cells 
isolated from adult organisms. It has been appreciated for a long time that some germ cell 
populations are especially prone to become such pluripotent stem cells. For instance, 
pluripotent embryonic stem cell-like cells (termed embryonic germ cells, or EG cells) can 
be derived from cultured murine and human primordial germ cells (Matsui et al., 1992; 
Resnick et al., 1992; Shamblott et al., 1998; Matsui and Okamura, 2005); More recently, 
it was shown that spermatogonial stem cells (SSCs) derived from neonatal mouse testis 
also have differentiation potential similar to embryonic stem cells (Kanatsu-Shinohara et 
al., 2004). A recent study (Guan et al., 2006) isolated SSCs from adult mouse testis and 
showed that these cells, when cultured in standard ESC culture medium, acquire 
embryonic stem cell properties, including the ability to differentiate into three germ 
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layers in vitro, to generate teratomas in immunodeficient mice, and contribution to 
germline chimeras when injected into early blastocyts. Another study (Seandel et al., 
2007) isolated adult spermatogonial progenitor cells and showed that these cells can 
generate so-called multipotent adult spermatogonial-derived stem cells in long-term 
culture. These cells can also differentiate into three germ layers in vitro and contribute to 
embryo chimaeras. These studies, although conducted with different germ cell 
populations under various culture conditions, all demonstrate the unique totipotency of 
germ cells. Furthermore, it was recently suggested that the closest in vivo equivalent of 
ES cells are actually early germ cells, rather than inner cell mass cells (Zwaka and 
Thomson, 2005), as previously thought; One prediction they drew from this hypothesis 
was that germ cells and ES cells might share some gene expression signatures, and these 
gene products might be essential for long-term maintenance of stem cell pluripotency. A 
thorough understanding of the relationship of germ cells and stem cells is likely to help 
us identify such factors. 
Much progress has also been made in achieving in vitro derivation of germ cells 
from ES cells in recent years. Germ cells were successfully generated from ES cells 
carrying a Mvh-GFP selective marker (GFP was expressed from the endogenous mouse 
vasa homolog, Mvh)) by in vitro differentiation (Toyooka et al., 2003); these cells could 
participate in spermatogenesis when transplanted to recipient mouse testis. In culture, 
mouse ES cells could also differentiate into oogonia that are able to enter meiosis and 
generate mature oocytes (Hubner et al., 2003). Embryonic germ cells have also been 
derived from cultured mouse embryoid bodies, and these cells could differentiate into 
functional male gametes that are capable of fertilizing haploid oocytes and generating 
4 
blastocysts (Geijsen et al., 2004). A more recent study generated SSC lines from ES cells 
and showed that they can also generate functional male gametes that are capable of 
normal fertilization (Nayernia et al., 2006). Further understanding of germ cell 
differentiation is likely to make in vitro derivation of germ cells more efficient, which 
will benefit future scientific and clinical applications, such as reproductive engineering 
and infertility treatment. 
Molecular Mechanisms of Germ Cell Development in Model Organisms 
Numerous studies utilizing classical genetic model organisms have forwarded our 
understanding of the molecular mechanisms of germ cell development. While these 
studies have uncovered a great diversity in germ cell development programs between 
different animal species, they have also highlighted common themes. Most importantly, 
transcriptional repression, chromatin remodeling, and posttranslational gene regulation 
often coordinate to preserve the totipotent genome of germ cells throughout their 
differentiation (Seydoux and Braun, 2006).  
I. Germ cell Specification Involves Mechanisms to Establish Transcriptional 
Silencing and Epigenetic Remodeling 
Two different modes of germ cell specification, the determinate mode and the 
inductive mode, have been described across animal phyla (Nieuwkoop and Sutasurya, 
1979; Nieuwkoop and Sutasurya, 1981; Extavour and Akam, 2003). The determinate 
mode is characterized by establishment of germ cell precursors through asymmetric 
inheritance of maternal cytoplasmic determinants. This mode is utilized by invertebrates 
such as Drosophila and C. elegans as well as vertebrates including zebrafish and 
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Xenopus. In Drosophila, a specialized germ plasm is segregated to the posterior of the 
oocyte before fertilization; during embryogenesis, four to five pole cells are formed 
before blastomere cellularization starts. These pole cells then exclusively form the 
germline (Williamson and Lehmann, 1996). Studies have shown that Drosophila germ 
plasm is both necessary and sufficient for directing pole cell formation, since injection or 
forced assembly of germ plasm at ectopic sites results in formation of ectopic germ cells 
(Illmensee and Mahowald, 1974; Ephrussi and Lehmann, 1992). In C. elegans, electron-
dense granules called P granules are initially distributed evenly in the cytoplasm of the 
oocyte; shortly after fertilization, they become concentrated at the posterior region of the 
embryo and later at 16 to 24 cell stage of embryogenesis, a single cell, P4, generates the 
primordial germ cells (PGC) (Deppe et al., 1978; Strome and Wood, 1982). In zebrafish, 
the origin of PGCs was revealed by the localization of vasa mRNA during 
embryogenesis: at the 2- and 4-cell stage, vasa expression is detected at four strips 
located at the cleavage furrows; later, vasa transcript condenses into four dinstinct 
subcellular clumps; by 32-cell stage, vasa expression is detected in four cells which 
apparently have inherited those four clumps. These cells are believed to be the primordial 
germ cells of zebrafish (Yoon et al., 1997).  
Mammals and many other organisms (i.e., sponges, cnidarians, flatworms, urodele 
amphibians) specify germ cells relatively late in embryogenesis by inductive interactions 
between cells (the inductive mode). For instance, in mouse, germ cell progenitors are 
induced from pluripotent proximal epiblast cells during gastrulation. Distal epiblast cells 
were shown to be able to differentiate as PGCs when transplanted into the region of the 
proximal epiblast, rather than differentiating into ectodermal cells (Tam and Zhou, 1996), 
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suggesting that certain inductive signals received by the proximal epiblast are responsible 
for germ cell specification and a specialized germ plasm is not required. Bmp family 
signaling molecules (Bmp2 secreted from endoderm, and Bmp4 and Bmp8b secreted 
from the extraembryonic ectoderm) are among the critical factors responsible for 
predisposing the epiblast cells to become germ cell progenitors (Lawson et al., 1999; 
Ying et al., 2000; Ying and Zhao, 2001). 
In both the determinate mode and the inductive mode, germ cell specification 
appears to require repression of the somatic transcriptional program. In Drosophila and 
C. elegans, this is demonstrated by the lack of phosphorylation of the Ser2 residue in the 
Carboxy-terminal domain of RNA polymerase II (CTD), a critical modification for 
transcriptional elongation, in the PGCs (Blackwell, 2004). In mouse, the PGC-specific 
transcriptional repression is partially illustrated by the silence of Hox genes in the germ 
cells (Saitou et al., 2002). However, the genes responsible for establishing this 
transcriptional repression appear to be quite diverse in different organisms: in 
Drosophila, this repression requires germ plasm components germ cell less (gcl) and 
polar granule component (pgc) (Leatherman et al., 2002; Hanyu-Nakamura et al., 2008); 
in C. elegans, the same task is carried out by the putative RNA-binding protein PIE-1. 
Both PGC and PIE-1 interact directly and inhibit p-TEFb, the nuclear kinase complex 
responsible for Ser2 phosphorylation (Zhang et al., 2003; Hanyu-Nakamura et al., 2008). 
A repressive chromatin architecture is also a hallmark of the early germ cell lineage, as 
shown by the reduction of H3-K4me2, a methyl mark correlated with transcriptional 
activation, and elevation of H3-K27me3, a methyl mark linked to transcriptional 
repression, in Drosophila and C. elegans PGCs (Schaner and Kelly, 2006). In C. elegans, 
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MES-2, a histone methyl transferase (HMT), is required for trimethylation of H3-K27 in 
PGCs and is essential for germ cell survival (Holdeman et al., 1998; Bender et al., 2004). 
In mouse, germ cell specification requires a putative histone methyl transferase Blimp1 
(also known as Prdm1), a PR (PRDI-BF1 and RIZ) domain-containing transcriptional 
repressor (Ohinata et al., 2005; Vincent et al., 2005). Blimp1 was recently shown to form 
a complex with Prmt5, an arginine-specific histone methytransferase mediating 
symmetrical dimethylation of arginine 3 on histone H2A and/or H4 tails 
(H2A/H4R3me2s). This complex is likely to be involved in genome-wide epigenetic 
remodeling of PGC chromatin (Ancelin et al., 2006). Another PR domain-containing 
protein Prdm14 was recently found to be involved in acquizition of the H3-K27me3 mark 
in PGCs and for appropriate epigenetic reprogramming in the mouse germline (Yamaji et 
al., 2008). 
II. Germ Granules as a Regulatory Hub of Gene Expression by Translational 
Control in Germ Cell Development 
Another distinct feature of germ cells is the presence of germ granules in germ cell 
cytoplasm. Germ granules refer to a collection of cytoplasmic, perinuclear RNP 
complexes found in the germline of many animal species, from rotifers to mammals 
(Eddy, 1975). Germ granules are known by various names in different organisms, such as 
polar granules in Drosophila germ plasm, P granules in C. elegans germline, and 
mitochondrial cloud in Xenopus oocytes. They are involved in the specification and 
maintenance of PGCs in these species. While similar structures have not been observed in 
PGCs of mammals, they are present at later stages of development, e.g., the chromatoid 
body in mouse spermatocytes and spermatids (Parvinen, 2005; Kotaja and Sassone-Corsi, 
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2007), and the Balbiani body the oocytes (Pepling et al., 2007). Mammalian germ 
granules are likely to play important roles in gametogenesis. These various germ granules 
have similar morphology and share conserved components, including nanos RNA, Vasa, 
Maelstrom, Argonaute family proteins, Tudor domain proteins, Dcp proteins (Decapping 
enzymes), Scd6 family proteins, and Sm proteins (Seydoux and Braun, 2006). The exact 
molecular functions of germ granules remain to be determined, but they have been 
suggested to regulate translation of essential germline mRNAs. This is supported by the 
finding that germ granules share many components with the processing bodies (P bodies) 
of somatic cells (Anderson and Kedersha, 2006). P bodies are mRNP complexes in which 
untranslated mRNAs accumulate and await degradation or reactivation. Just like germ 
granules, P bodies also contain proteins involved in mRNA degradation machinery 
(DCP1 and DCP2), translational control (Dhh1p/Rck/CGH-1, Scd6p/Rap55), and 
microRNA and RNA interference (RNAi) pathways (Argonaute family proteins). 
III. Germ Cell Survival Involves Conserved Translational Regulators 
Some highly conserved factors are required for germ cell survival in various 
organisms; for example, the genes nanos (in mouse and Drosophila), and dead end (in 
mouse and zebrafish), are both critical for germ cell survival and maintenance of germ 
cell fate. Drosophila Nanos localizes to germ cells throughout embryogenesis (Wang and 
Lehmann, 1991). In Drosophila embryos derived from nanos mutant mothers, poles cells 
fail to migrate to the somatic gonad to form functional germ cells (Kobayashi et al., 
1996). Later, it was shown that nanos is required for maintaining germ cell fate by 
suppressing apoptosis and somatic differentiation (Hayashi et al., 2004). Mouse nanos3 is 
expressed in the PGCs after their formation until shortly after they colonize the somatic 
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gonads. Depletion of nanos3 results in complete loss of PGCs in both sexes (Tsuda et al., 
2003). The gene dead end is specifically expressed in PGCs of both mouse and zebrafish 
(Weidinger et al., 2003; Yabuta et al., 2006). Knockdown of dead end in zebrafish results 
in failure of migration and subsequent death of PGCs (Weidinger et al., 2003). Similarly, 
depletion of dead end in mouse (Ter mutation) also causes loss of PGCs (Youngren et al., 
2005). It was recently shown that Dead end relieves microRNA-mediated translational 
repression of Nanos1 and TDRD7 in PGCs of zebrafish, allowing their expression in the 
germline, but not the soma (Kedde et al., 2007). 
IV. Maintenance of Germline Stem Cells Requires Both Transcriptional and Post-
Transcriptional Regulation 
Regulation of germline stem cells (GSCs) also involves conserved as well as 
species-specific factors. For example, nanos is important for regulation of germline stem 
cell (GSC) self-renewal in adult Drosophila, and similar roles have been demonstrated 
for the mouse gene nanos2. Drosophila nos mutants fail to maintain the germline stem 
cell populations in the ovaries and are sterile (Forbes and Lehmann, 1998; Wang and Lin, 
2004). In mouse, postnatal depletion of Nanos2 protein causes loss of spermatogonial 
stem cells and eventually results in complete depletion of all germ cells within 
seminiferous tubules. Testes overexpressing Nanos2, on the other hand, accumulate 
excess spermatogonia, suggesting that Nanos2 is an important intrinsic factor required for 
self-renewal of spermatogonial stem cells (Sada et al., 2009). Another critical intrinsic 
factor involved in the self-renewal of mouse spermatogonial stem cells is the 
transcription factor Plzf (promyelocytic leukemia zinc-finger protein, also known as zinc 
finger and BTB domain containing 16 (ZBTB16) or ZNF145. Plzf is suggested to repress 
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gene transcription by remodeling chromatin (Barna et al., 2002). In plzf-null mice, testes 
undergo gradual spermatogonial loss, and transplantation assays showed that mutant mice 
fail to maintain spermatogonial stem cells (Buaas et al., 2004; Costoya et al., 2004).  
V. Transcription Factors during Gametogenesis 
Germline-specific general transcription machineries may serve as an evolutionarily 
conserved mechanism to regulate massive spermatocyte and spermatid-specific 
transcription during gametogenesis in different animal species (Freiman, 2009). A few 
mutants that exhibit meiotic arrest have been identified from Drosophila, such as can 
(cannonball), nht (no hitter), mia (meiosis I arrest), sa (spermatocyte arrest), and rye 
(ryan express) (Hiller et al., 2004); These genes all encode germline-specific TAF 
(TATA binding protein-associated factor) homologs: nht, TAF4 homolog; can, TAF5 
homolog; mia, TAF6 homolog; sa, TAF8 homolog; and rye, TAF12 homolog, 
respectively. Similarly, in mouse, TRF2 (TATA-binding protein-related factor 2) is 
required for proper gene transcription in spermatids and is essential for their 
differentiation (Zhang et al., 2001); Mouse TBP2 (TATA-binding protein 2) was also 
recently shown to be essential for oogenesis by regulating transcription and chromatin 
condensation in the oocytes (Gazdag et al., 2009).  
VI. Strengths and Limitations of Classical Genetic Model Organisms in Study of 
Germ Cell Development 
As described above, studies of classical genetic model organisms have made great 
contributions to the discovery of conserved mechanisms underlying germ cell 
development. The major strength of invertebrate models such as Drosophila and C. 
elegans is the ease of conducting forward genetic screens, which allow unbiased 
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identification of novel genes involved in various aspects of germ cell development. Most 
importantly, some of the most conserved germ granule components that play essential 
roles in germ cell specification, migration, and maintenance were originally identified as 
maternal factors required for Drosophila and C. elegans embryogenesis. However, these 
models also have their own limitations. One obvious caveat is that both fly and nematode 
use a determinate mode to specify their germline. Additionally, these animals also tend to 
have relatively rigid development programs and little plasticity. Therefore, certain aspects 
of germ cell development might not be conserved between these species and other 
organisms. 
Another genetic model, zebrafish, is being quickly recognized as a powerful system 
in which to study germ cell specification, maintenance, and migration in vertebrates. 
These animals have transparent embryos, making it extremely convenient to analyze 
early germ cell development during embryogenesis. In zebrafish, forward genetic screens 
and reverse functional genomic screens can both be conducted relatively easily (Raz, 
2003). The identification of the gene Cxcr4b as a critical factor regulating PGC migration 
is an excellent example of the application of both approaches (Doitsidou et al., 2002; 
Knaut et al., 2003). Large-scale in situ hybridization screens searching for genes 
expressed in zebrafish PGCs have also been carried out, and have led to the discovery of 
the conserved germ cell factor dead end (Weidinger et al., 2003). Cxcr4 and Dead end 
homologs were recently identified in mouse and were shown to have similar functions in 
regulating germ cell migration and maintenance, respectively (Molyneaux et al., 2003; 
Youngren et al., 2005), demonstrating the conservation of germ cell development 
program between fish and mammals. However, since current studies mainly focus on 
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early germ cell development of zebrafish, later stages of germ cell differentiation in this 
model system have yet to be examined. 
Mouse has readily available powerful genetic tools and provides the best system to 
study mammalian germ cell development. Caveats of this model system include long 
generation time and high maintenance cost; mutagenesis and gene targeting are also 
extremely time-consuming and labor intensive. In the past, several hundred mouse 
knockouts have been created that have various defects at different stages of reproduction, 
including PGC formation, germ cell migration to the gonads, sex determination, gonad 
development, and gametogenesis, and have contributed much to our understanding of 
germ cell development in the animal (reviewed by Matzuk and Lamb, 2002; de Rooij and 
de Boer, 2003; Roy and Matzuk, 2006). There have also been efforts to use random 
chemical mutagenesis to produce mouse models of infertility, and a handful of mutations 
have been successfully generated, which cause various defects during spermatogenesis 
and oogenesis (The Jackson Laboratory website). However, high costs and technical 
difficulties associated with such screens have limited their scale and future application. 
Germ Cell Development in Non-Model Organisms 
Despite the great progress in understanding germ cell biology in classical model 
organisms, it is necessary to examine additional species in order to gain a comprehensive 
understanding of germ cell development in metazoans. Unfortunately, germ cell 
development in the vast majority of animal phyla remains poorly explored. For example, 
current model organisms described above only represent two out of three major clades of 
bilaterians, the ecdysozoa and the deuterostomia; lophotrochozoan species, on the other 
hand, are not represented. In recent years, researchers have begun to investigate germ cell 
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development in some non-model organisms, such as hydra, annelids, sea anemone and 
sea urchin. Thus far, efforts mainly focused on searching for homologs of conserved 
essential germ cell factors in these species, such as the genes vasa, nanos, and piwi. 
These studies, although still preliminary, are starting to reveal the great diversity as well 
as striking conservation in the germ cell development program in evolutionarily distant 
organisms, and have already provided valuable insights into how the germline might have 
evolved as a distinct cell lineage during evolution.  
In hydra (phylum Cnidaria, class Hydrozoa), a population of pluripotent stem cells 
called interstitial cells (I-cells) are believed to give rise to both the germline and multiple 
somatic cell types. In Hydra magnipapillata (phylum Cnidaria), a nanos homolog 
(Cnnos1) was found to be expressed in two subpopulations of the interstitial cells: the 
multipotent stem cells, and the germline cells (Mochizuki et al., 2000). The vasa genes 
(Cnvas1 and Cnvas2) have a slightly different expression pattern; in addition to the 
multipotent stem cells and germ cells, they are also expressed in the ectodermal epithelial 
cells in the body column, which are known to be undifferentiated cells (Mochizuki et al., 
2001). More recently, in hydrazoan jellyfish Podocoryne carnea, a piwi homolog Cniwi 
was also found to be expressed in both somatic stem cells and the germ cells (Seipel et 
al., 2004). Although these studies did not address the embryonic origin of germ cells in 
hydra, they are consistent with the previous hypothesis that germ cells might derive from 
I-cells during sexual reproduction. 
In sea anemone Nematostella vectensis, another member of phylum Cnidaria (class 
Anthozoa), vasa genes (Nvvas1, Nvvas2) and one of the nanos genes (Nvnos2) are 
expressed in multiple somatic cell types during early embryogenesis. However, they later 
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become restricted to cells with characteristic PGC morphology, suggesting that germ 
cells may form later in development (Extavour et al., 2005). 
Recently, a vasa homolog was also identified from polychaete annelid worm 
Platynereis dumerilii, a lophotrochozoan species (phylum Annelida, class Polychaeta) 
(Rebscher et al., 2007). The study found that maternal Vasa protein localizes to the ‘yolk-
free cytoplasm’ (YFC), the clear cytoplasm that fractionates into the cleaving 
micromeres. It is then specifically enriched in the founder cells of the mesodermal growth 
zone (MPGZ), a highly proliferative region containing undifferentiated cell types, which 
also expresses Nanos and the stem cell marker Piwi. Later, four Vasa-positive putative 
PGCs emerge from within the MPGZ. A two-step model of germ cell specification in 
Platynereis was proposed based on these obserations: the first step is the establishment of 
a population of undifferentiated cells in MPGZ (the co-specification of germ cells and 
stem cells), a process involving asymmetric inheritance of cytoplasmic determinants, 
including the Vasa protein (the predeterminate mode); the second step is the subsequent 
induction of the four PGCs from the center of MPGZ (the inductive mode). 
A nanos homolog was also identified from the leech Helobdella robusta, another 
member of the phylum Annelida (Pilon and Weisblat, 1997). Maternal Hro-nos transcript 
is broadly distributed in the early zygotes. Zygotic Hro-nos is uniformly expressed 
throughout the germinal plate but later becomes restricted to 11 bilaterally paired spots, 
which correspond to the putative PGCs, suggesting that germ cell specification is also a 
later event during embryogenesis in this species (Kang et al., 2002). 
In the basal deuterostome sea urchin Strongylocentrotus purpuratus (phylum 
Echinodermata, class Echinoidea), Sp-vasa, Sp-seawi transcripts accumulate uniformly 
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through blastula formation and then become locally enriched at the vegetal plate of the 
mesenchyme blastula, and progressively become restricted to the small micromeres 
(Juliano et al., 2006), which were previously hypothesized to give rise to PGCs (Pehrson 
and Cohen, 1986). Sp-nanos2 transcript is also enriched in the small micromeres during 
gastrulation. These expression patterns support the hypothesis that in sea urchin, germ 
cells are not segregated at the beginning of embryogenesis but are later induced from 
undifferentiated multipotent cells located within the small micromere. More recently, 
Juliano et al. (2009) showed that Sp-nanos is required for maintaining multipotency in the 
small micromere lineage, and proposed a two-step germ cell specification mechanism in 
sea urchin similar to that suggested for Platynereis. 
Several conclusions can be drawn from these recent studies on germ cell 
development in non-model organisms. First, in basal metazoans and basal deuterostomes, 
germ cell markers (vasa, nanos, and piwi) are often associated with both somatic stem 
cells and the germline during embryogenesis, and may therefore reflect general functions 
of these genes in regulating pluripotency. Second, the ancestral mode of germ cell 
specification in metazoans may involve a co-specification of germ cells and stem cells, 
followed by segregation of germ cell precursors from the stem cells as a specialized cell 
lineage during later development. Despite these advances, much remains to be 
understood about the molecular mechanisms of germ cell specification and differentiation 
in these organisms. Unfortunately, progress will likely be slow as genetic and functional 
genomic tools remain to be developed and optimized for these organisms. 
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Planarian as a New Complementary Model System To Study Germ Cell 
Development 
Planarians are free-living, freshwater members of the phylum, Platyhelminthes 
(class Turbellaria). They had long been categorized as basal bilaterians, but recent 
molecular data suggest they belong to the Lophotrochozoa as a sister group to Nematoda 
and Arthropoda (Carranza et al., 1997). Despite existing controversy on this issue, 
planarians occupy an important phylogenetic position in evolution. These animals are 
among the simplest organisms that have three tissue layers, bilateral symmetry and 
distinct organs (Newmark and Sanchez Alvarado, 2002). They have a central nervous 
system (CNS) composed of one anterior cephalic ganglia and two longitudinal ventral 
nerve cords, a gastrovascular system composed of blind digestive tracts with three main 
branches, and an excretory system composed of an elaborate network of flame cells 
connected by ciliated ducts. Planarians are well known for their exceptional regenerative 
ability for more than a century: when a planarian loses a piece of its body, the remaining 
part will heal the wound, regenerate the missing part, and form an intact properly 
proportioned worm. They owe this extraordinary ability to a population of pluripotent 
embryonic-like stem cells called neoblasts that are maintained throughout adulthood. 
Neoblasts account for ~25 to 30% of total planarian cells (Baguñà et al., 1989) and are 
considered the only dividing cells in the animal (Baguñà et al., 1990). They seem to give 
rise to all cell types, including themselves, and are responsible for both regeneration and 
maintaining tissue homeostasis. During regeneration, neoblasts proliferate, migrate to the 
wound site, and form an unpigmented region called blastema, where they differentiate to 
replace the missing tissues (reviewed by Reddien and Sanchez Alvarado, 2004). Lethal 
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irradiation causes planarians to lose neoblast populations; animals subsequently lose 
regeneration ability and eventually die from lysis (Bardeen and Baetjer, 1904). Injection 
of enriched neoblast cell fraction into irradiated planarians restores their ability to 
regenerate and rescues them from death (Baguñà et al., 1989). Morphologically, 
neoblasts are relatively small cells (~10 um in diameter) with large nucleus and scarce 
cytoplasm; they also contain chromatoid bodies, an electron-dense perinuclear foci 
related to germ granules found in the germline of other animal species (Coward, 1974). 
Chromatoid bodies usually decrease in size and number upon neoblast differentiation, 
and cannot be detected in completely differentiated cells (Hori, 1982; Shibata et al., 
1999), suggesting that they are related to the pluripotency of neoblasts. 
While the unparalleled regenerative ability of Planarians has captivated scientists 
for over a century, recent development of molecular tools has reinvigorated research on 
these organisms. Eexpressed sequence tag (EST) projects have accumulated thousands of 
transcript sequences for several planarian species, including Schmidtea mediterranea, 
Dugesia ryukyuensis, and Dugesia japonica. High-throughput in situ hybridization allows 
simultaneous examination of expression patterns of thousands of genes in whole-mount 
animals (Sanchez Alvarado et al., 2002). RNA interference (RNAi) was introduced to 
planarian (Sanchez Alvarado and Newmark, 1999), making it possible to analyze 
functions of target genes. A method for RNAi feeding was also recently established 
(Newmark et al., 2003), which is extremely useful for large-scale functional analysis 
(Reddien et al., 2005a). BrdU labeling has been applied to planarians to label dividing 
neoblasts, making it possible to visualize neoblast proliferation and migration during 
planarian regeneration and tissue homeostasis (Newmark and Sanchez Alvarado, 2000). 
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Methods for isolation of neoblasts by fluorescent activated cell sorting (FACS) after 
whole animal dissociation have been developed, and revealed two neoblast sub-
populations with different cellular characteristics (Hayashi et al., 2006). Applications of 
these molecular tools are starting to bear fruit in recent years. For example, microarray 
analyses have been applied to identify genes downregulated following lethal irradiation; 
some of these genes turned out to be specifically expressed in neoblasts or their 
differentiation progeny, revealing the population dynamics of neoblasts during 
regeneration and tissue homeostasis (Eisenhoffer et al., 2008). A large-scale RNAi screen 
has been conducted to identify genes involved in various aspects of regeneration and 
stem cell biology (Reddien et al., 2005a). These studies greatly enhanced our 
understanding of the molecular basis of regeneration and stem cell regulation in 
planarians. 
It is generally accepted that planarian germ cells derive from neoblasts as well. In 
these animals, early segregation of germline in embryogenesis does not seem to occur; 
instead, germ cells appear to form post-embryonically when the animals attain an 
appropriate size (Curtis, 1902). T. H. Morgan showed that planarian head fragments 
devoid of all gonadal tissues and germ cells are able to regenerate the germline de novo 
(Morgan, 1902). Fedecka-Bruner (1965) showed that after destroying planarian testes by 
dorsal irradiation, gonads could regenerate from neoblasts migrating along the muscle 
fibers from the undamaged ventral side of the animal to the dorsal region. Transplantation 
experiments showed that enriched neoblasts purified by serial filtration from sexual 
planarians were able to transform asexual planarians to sexuals that developed germ cells 
and reproductive organs and lost the ability to reproduce by fission (Baguñà et al., 1989). 
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Taken together, these observations suggest that planarian neoblasts are the totipotent stem 
cells that give rise to both somatic cells and the germline. This is in contrast to the 
establishment of germ cell lineage by maternal factors during early embryogenesis as 
seen in Drosophila and C. elegans, and rather is similar to the induced formation of germ 
cell precursors in mammals from pluripotent embryonic stem cells. 
After planarian primordial germ cells (PGCs) are formed, they proliferate further to 
give rise to testes or ovary primordia in the juvenile, and ultimately differentiate to form 
mature gonads in the adult. After the gonads are developed, the copulatory apparatus 
forms in the postpharyngeal region of the animal. Just like somatic tissues, planarian 
reproductive organs also show striking plasticity. When sexually mature animals de-grow 
following starvation, the gonads and copulatory apparatus shrink or completely 
degenerate; when feeding is resumed, animals resume growth and reproductive organs 
then reform (Newmark and Sanchez Alvarado, 2002). Planarian reproductive organs also 
degenerate following post-ovary amputation or sub-lethal irradiation. It was suggested 
that in the case of post-ovary amputation, after animals regenerate the head, testes 
regenerate from remaining germinal cells as well as neoblasts; following sub-lethal 
irradiation, testes solely regenerate from neoblasts (Fedecka-Bruner, 1967). 
Many important questions regarding germ cell development can be asked using this 
unique system, i.e., what are the signals that instruct planarian germ cells to form post-
embryonically from neoblasts? How is this process different from or similar to the 
induction of PGCs during mammalian embryogenesis? How are the further proliferation 
and gametogenesis events regulated? How is germline plasticity regulated, i.e., what 
signals control degeneration and regeneration of planarian germline and reproductive 
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organs? Do evolutionarily conserved molecular mechanisms exist to regulate such 
processes? Until now, very little was known about the molecular mechanisms that govern 
germ cell specification, differentiation, or regeneration in planarians. Thus far, 
preliminary efforts have been made to search for homologs of conserved regulators of 
germ cell development discovered in other systems. The first germ cell marker identified 
in planarian was a receptor tyrosine kinase DjPTK1 in planarian species Dugesia 
japonica (Ogawa et al., 1998). Later, two vasa homologs (DjvlgA and DjvlgB) were 
identified in the same species (Shibata et al., 1999). However, they are expressed in both 
neoblasts and the germline. Functions of these genes during planarian germ cell 
development have not been investigated. Dugesia japonica protein DjCBC-1, a 
conserved DEAD box RNA helicase belonging to the germ granule component 
RCK/p54/Me31B protein family, was recently identified and found to localize to 
chromatoid bodies of planarian neoblasts, the germline, and the brain (Yoshida-
Kashikawa et al., 2007). Other highly conserved genes involved in germ cell 
development are also expressed in planarian neoblasts, including Smedwi-1, Smedwi-2, 
Smedwi-3 (piwi homologs in Schmidtea mediterranea), DjPum (pumilio homolog in 
Dugesia japonica), Smed-bruli (bruno homolog in Schmidtea mediterranea) and Spoltud-
1 (Tudor domain-containing gene in Schmidtea polychroa). Smedwi-2, Smedwi-3, 
DjPum, Smed-bruli, and Spoltud-1 were also shown to be required for neoblast 
differentiation or maintenance (Reddien et al., 2005b; Salvetti et al., 2005; Guo et al., 
2006; Solana et al., 2009). Therefore, identification of germ cell-specific markers would 
aid in dissecting molecular mechanisms of planarian germ cell development. 
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The planarian species Schmidtea mediterranea is an excellent model for studying 
germ cell development. S. mediterranea exists as both asexually and sexually 
reproducing strains. The asexual strain reproduces exclusively by transverse fission, 
while sexual animals only reproduce as cross-fertilizing hermaphrodites. S. mediterranea 
is advantageous with respect to other planarian species as a model because: it has a stable 
diploid genome (2n=8); it has a relatively small genome compared to other species (an 
estimated size of ~8x108); also, genetic difference may account for the different 
reproductive modes in its two strains: asexual strain carries a specific chromosomal 
translocation, which seems to disrupt the germ cell development in the strain (Newmark 
and Sanchez Alvarado, 2002). The genome of the sexual strain of S. mediterranea was 
sequenced by Washington University Genome Sequencing Center. Our laboratory has 
recently generated an EST library from two developmental stages of sexual S. 
mediterranea (juvenile and mature animals) and have sequenced more than 10,000 
unique transcripts from the collection (Zayas et al., 2005). These rich sequence resources 
should greatly facilitate our studies of germ cell development in the species. 
Conclusion 
Germ cells are essential for the propagation and evolution of sexually reproducing 
animals. Studies conducted in classical genetic model organisms have contributed much 
to our knowledge of the molecular mechanisms underlying germ cell development. 
However, germ cell development in the vast majority of animal species outside of genetic 
model organisms remain poorly understood. Here we develop the freshwater planarian S. 
mediterranea as a new model to study germ cell specification and differentiation. 
Neoblasts, the pluripotent stem cells of planarian, are responsible for both regeneration 
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and tissue homeostasis, and likely give rise to the germline. Modern functional genomic 
tools enable us to analyze functions of a large number of candidate genes in planarians, as 
demonstrated by recent advances in the field of planarian regeneration and stem cell 
biology. These approaches should also prove fruitful in dissecting molecular mechanisms 
of germ cell development in this organism. 
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CHAPTER 2 
NANOS FUNCTION IS ESSENTIAL FOR DEVELOPMENT 
AND REGENERATION OF PLANARIAN GERM CELLS 
(Data presented in this chapter were originally published in Yuying Wang, Ricardo M. 
Zayas, Tingxia Guo, and Phillip A. Newmark, Proc Natl Acad Sci 104(14): 5901-6, 2007. 
I performed all of the experiments in this study except for initial isolation of nanos gene, 
northern blot, and in situ hybridization on asexual planarians (Ricardo Zayas); Fig 2.10  
is contributed by Tingxia Guo). 
 
Summary 
In metazoans two apparently distinct mechanisms specify germ cell fate: 
determinate specification (observed in Drosophila, C. elegans, zebrafish, Xenopus) 
utilizes localized cytoplasmic determinants; whereas, epigenetic specification (observed 
in many basal metazoans and mammals) involves inductive interactions between cells.  
Many mechanistic details have emerged from studies of model organisms displaying 
determinate specification.  In contrast, our understanding of epigenetic specification is 
less advanced and would benefit from studies of additional organisms.  Freshwater 
planarians serve as striking examples of epigenesis: they can regenerate new germ cells 
from fragments of adult tissue that lack germ cells.  To study germ cell specification in 
planarians, we have functionally characterized an orthologue of nanos, a gene required 
for germ cell development in diverse organisms– from Schmidtea mediterranea.  In the 
sexual, hermaphroditic strain, Smed-nanos mRNA is detected in developing, mature, and 
regenerating ovaries and testes, but not in newly hatched planarians, consistent with an 
epigenetic origin of germ cells.  Smed-nanos RNAi results in failure to develop or 
regenerate gonads in sexual planarians.  Unexpectedly, Smed-nanos mRNA is also 
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detected in presumptive testes primordia of asexual individuals that reproduce strictly by 
transverse fission; these presumptive germ cells are lost after Smed-nanos RNAi 
knockdown.  These results suggest that asexual planarians specify germ cells, but their 
differentiation is blocked at a step downstream of Smed-nanos function.  Our results 
reveal a conserved function of nanos in germ cell development in planarians and show 
that these animals will serve as useful models for dissecting the molecular basis of 
epigenetic germ cell specification. 
Introduction 
Germ cells provide intriguing examples of cellular differentiation, in which highly 
specialized cells retain their totipotency.  In metazoans, two apparently distinct modes of 
germ cell specification are observed: determinate specification (or preformation), in 
which maternally supplied, localized cytoplasmic determinants act early in 
embryogenesis; and epigenetic specification, in which inductive interactions between 
cells specify germ cell fate later in embryogenesis (Nieuwkoop and Sutasurya, 1979; 
Nieuwkoop and Sutasurya, 1981; Extavour and Akam, 2003). Surveys of germ cell 
specification mechanisms throughout metazoan phyla revealed that epigenesis appears to 
be more widely distributed than determinate specification (Nieuwkoop and Sutasurya, 
1979; Nieuwkoop and Sutasurya, 1981; Extavour and Akam, 2003). 
Much of our understanding of the mechanisms underlying germ cell specification is 
based upon genetic analyses in Drosophila melanogaster and Caenorhabditis elegans, 
both of which utilize determinate specification (see Santos and Lehmann, 2004 and 
Seydoux and Schedl, 2001 for reviews). Studies aimed at deciphering the mechanisms of 
epigenesis have been limited almost exclusively to mouse (McLaren, 2003; Matsui and 
25 
Okamura, 2005). Understanding the extent to which germ cell specification mechanisms 
have been conserved or have diverged between disparate groups requires analyzing these 
mechanisms in additional organisms. 
Planarian flatworms (Newmark and Sanchez Alvarado, 2002; Reddien and Sanchez 
Alvarado, 2004) are well suited to serve as a relatively simple model for studying 
epigenesis.  These animals appear to specify germ cells post-embryonically and do not 
develop reproductive organs until after hatching (Curtis, 1902). In addition, they possess 
amazing regenerative abilities that permit them to regenerate the germ cell lineage in 
fragments of tissue that lack reproductive organs entirely (Morgan, 1902). A population 
of stem cells (neoblasts) maintained during the course of the animal’s life is the likely 
source of the regenerated germ cell lineage (Baguñà et al., 1989). Two strains with 
distinct reproductive strategies are observed in the planarian Schmidtea mediterranea: a 
sexual strain that reproduces as cross-fertilizing hermaphrodites; and an asexual strain 
that reproduces by transverse fission (Newmark and Sanchez Alvarado, 2002). These 
strains can be distinguished by a chromosomal translocation observed in asexual 
individuals (Baguñà et al., 1999). The nature of the asexuals (e.g., whether they produce 
germ cells that are defective in some way or fail to specify germ cells altogether) remains 
an open question (Weisblat, 2006). To analyze germ cell formation in planarians, we 
have identified and functionally characterized a nanos ortholog from S. mediterranea 
(Smed-nanos).  In Drosophila, nanos is required for proper abdominal segmentation 
(Lehmann and Nusslein-Volhard, 1991; Wang and Lehmann, 1991) as well as for germ 
cell differentiation (Kobayashi et al., 1996; Forbes and Lehmann, 1998) and maintenance 
(Deshpande et al., 1999; Hayashi et al., 2004). Conserved functions in germ cell 
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maintenance have been reported for nanos orthologs in C. elegans (Subramaniam and 
Seydoux, 1999), zebrafish (Koprunner et al., 2001), and mouse (Tsuda et al., 2003; 
Suzuki et al., 2007). nanos is expressed in primordial germ cells in widely divergent 
metazoans, ranging from cnidarians to humans (Extavour and Akam, 2003; Extavour et 
al., 2005), little is known about the function of nanos outside of the major genetic model 
organisms.  A nanos homolog (Djnos) that is expressed in presumptive germ cells in both 
sexual and asexual individuals of planarian Dugesia japonica was recently described; 
however, no functional data was reported (Sato et al., 2006). Here we show that Smed-
nanos function is required for proper germ cell development, regeneration, and 
maintenance in both sexual and asexual planarians. 
Results and Discussion 
Identification of Smed-nanos and Its Expression in Intact and Regenerating Sexual 
Planarians 
To characterize the process of germ cell formation in the planarian S. mediterranea, 
we identified sequences encoding the highly conserved NANOS zinc finger motif in 
whole-genome shotgun sequence data from the hermaphroditic strain (Washington 
University Genome Sequencing Center, St. Louis, MO).  Using these sequences we 
isolated full-length nanos cDNAs (839 bases) from a sexual S. mediterranea cDNA 
library (Zayas et al., 2005) (see Supplemental Methods).  Northern blot analysis revealed 
a single Smed-nanos transcript of approximately 0.8 kb in total RNA from sexual 
planarians (Fig 2.1).  Smed-nanos encodes a predicted protein of 233 amino acids, 
containing two conserved zinc finger domains at the C-terminus (Fig 2.1).  
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To examine the spatial expression pattern of nanos, we performed in situ 
hybridization on S. mediterranea hermaphrodites (Fig 2.2A) at various stages after 
hatching from the egg capsule. Hybridizations to hatchlings fixed within 12 h of 
emergence (D1 hatchlings) failed to detect nanos expression in 89% of the samples (34 of 
38; Fig 2.2B and Fig 2.3C). Controls using germinal histone H4 (Zayas et al., 2005) (see 
below) and the neural marker anosmin-1(Cebria and Newmark, 2007) as probes showed 
that newly emerged hatchlings were not refractory to in situ hybridization (Fig 2.3A and 
B). In hatchlings examined on the 3rd (D3, 48–60 h) and 7th days (D7, 144–156 h) after 
hatching, nanos RNA was detected dorsolaterally, in positions corresponding to 
presumptive testes primordia (17 of 21 D3 hatchlings were nanos-positive and 9 of 9 D7 
hatchlings were nanos-positive; Fig 2.3D–F). To address whether the development of 
nanos-positive cells in hatchlings requires cell proliferation, we irradiated D1 hatchlings 
with 30 Gy, a dose sufficient to eliminate all neoblasts from adults (Guo et al., 2006), and 
fixed them 2 days later. After irradiation, we could not detect dorsolateral clusters of 
nanos-positive cells in irradiated D3 hatchlings (n = 13), whereas control D3 hatchlings 
were nanos-positive (n = 5; Fig 2.3G and H). These results suggest that the 
postembryonic development of nanos-positive germ cell precursors requires either 
neoblasts or cell division.  
Later during development, nanos RNA was detected in the developing testes of 
juveniles (planarians lacking completely developed reproductive structures) and fully 
mature worms (Fig 2.2B). nanos RNA was also detected in ovaries of both juvenile and 
mature worms, but not in hatchlings (Fig 2.2C). nanos expression was detected much 
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earlier during gonad development than previously examined markers of the reproductive 
organs (Zayas et al., 2005). 
As an additional marker for studying the appearance of germ cells in young 
hatchlings, we used germinal histone H4 (germinal H4) (Zayas et al., 2005), a transcript 
that labels presumptive germ cells as well as somatic neoblasts (see below). As observed 
with nanos, the majority of D1 hatchlings (6 of 7) did not have obvious germinal H4 
labeling outside of the neoblast population (Fig 2.3I). Whereas 4 of 6 D3 hatchlings had 
clusters of dorsolateral cells with a greater intensity of germinal H4 signal (Fig 2.3J, 
arrows), these clusters were reminiscent of the nanos-positive cells observed in D3 
hatchlings. Given the great variability in the length of time from egg capsule deposition 
to hatching as well as variability in the size of the individuals emerging from the same 
egg capsule, it seems likely that the few animals in which nanos and germinal H4 
mRNAs were detected at D1 were either precocious developers, had relatively delayed 
hatching, or had spent the most time between hatching and fixation (up to ∼12 h). 
The planarian reproductive system can regenerate after amputation. Using nanos as 
a germ cell marker, we analyzed head pieces that were amputated anterior to the ovaries; 
such fragments devoid of reproductive tissues ultimately regenerate reproductive organs, 
suggesting that germ cells can be derived from somatic cells (Morgan, 1902). After 
amputation, we used fluorescent in situ hybridization (FISH) and confocal microscopy to 
detect nanos-positive cells in the regenerating head pieces (Fig 2.4). Seven days after 
amputation, 7 of 14 head fragments lacked any detectable nanos expression (Fig 2.4A 
and B, Top); based on the clustering of nanos-positive cells and their appearance at the 
posterior-most extent of the uninjured tissue, the nanos-positive cells observed at this 
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stage were likely residual germcells derived from amputation sites that included portions 
of the ovaries and/or testes (data not shown). By day 14, all animals examined were 
positive for nanos expression (Fig 2.4A and B, Middle). By day 21, nanos-positive cell 
clusters increased in both number and size (Fig 2.4B, Bottom). Similar results were 
reported for the reappearance of Djnos expression in head fragments of D. japonica (Sato 
et al., 2006), although the colorimetric staining may have made it difficult to visualize the 
earliest appearance of Djnos-positive cells. These results, together with the lack of 
detectable nanos RNA in the vast majority of D1 hatchlings, support the view that germ 
cells in planarians can be specified postembryonically. 
Amputation behind the ovaries leads to regression of the testes in the decapitated 
posterior fragment; after regeneration of the cephalic ganglia, the testes regenerate 
(Ghirardelli, 1965). The processes of fragments regression and regeneration of the testes 
can be monitored by using in situ hybridization to detect T-plastin mRNA (Zayas et al., 
2005), a transcript expressed abundantly in spermatocytes and spermatids (data not 
shown). One week after amputation behind the ovaries, T-plastin expression was not 
detected in regenerating tail (Fig 2.5A); after 15 days of regeneration, the pattern of testes 
expression of T-plastin was restored (Fig 2.5A). A sublethal dose of γ-irradiation (10 Gy) 
also led to degeneration of the testes followed by their regeneration (Fedecka-Bruner, 
1967) in a time course similar to that shown for transverse amputation behind the ovaries 
(data not shown). In contrast to the regression and regeneration of the testes observed by 
morphological criteria (Ghirardelli, 1965; Fedecka-Bruner, 1967) and by T-plastin in situ 
hybridization, expression of nanos mRNA persisted throughout the process of testes 
regression and regeneration after amputation (Fig 2.5B) and sublethal doses of γ-
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irradiation (data not shown). Combined FISH and confocal microscopy showed the 
changes in the distribution of nanos-positive cells during testes regeneration (Fig 2.5C). 
In intact animals, nanos-positive cells were detected around the periphery of the testes 
lobes. Three days after amputation, nanos appeared to be up-regulated in the testes, and 
positive cells were still distributed around the periphery (Fig 2.5C, arrows). By 7 days, 
the central portion of the testes was no longer visible (Fig 2.5C), consistent with the 
disappearance of T-plastin expression (Fig 2.5A). By 15 days, a pattern very similar to 
that observed in intact animals was reestablished (Fig 2.5C). 
Smed-nanos RNAi Results in Failure to Regenerate or Develop the Gonads 
RNA interference (RNAi) (Fire et al., 1998) is a powerful tool for dissecting gene 
function in planarians, but previous RNAi experiments have been limited to studies of 
asexual planarians (Sanchez Alvarado and Newmark, 1999; Cebria et al., 2002; Cebria 
and Newmark, 2005; Reddien et al., 2005a; Reddien et al., 2005b; Salvetti et al., 2005; 
Guo et al., 2006); therefore, we tested the efficacy of gene knockdown in S. mediterranea 
hermaphrodites after feeding bacterially expressed dsRNAs (Newmark et al., 2003; 
Reddien et al., 2005a). After two feedings with dsRNA targeting Smed-nanos, T-plastin, 
or Smedwi-2 (expressed in neoblasts (Reddien et al., 2005b) as well as ovaries and testes 
(Zayas et al., 2005), we found that the target RNAs were dramatically reduced 10 days 
after the last feeding (Fig 2.6A–F). Thus, RNAi can be used to inhibit gene expression in 
the planarian germ cells. 
To assay the effects of nanos RNAi knockdown on the regeneration of the 
reproductive organs, mature animals were fed twice with nanos dsRNA and then 
amputated posterior to the ovaries. Feeding of dsRNA was resumed 2 weeks after 
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amputation to to allow them to grow and undergo sexual maturation; they were analyzed 
after 2–3 months of weekly dsRNA feedings. Control planarians fed bacteria containing 
vector alone regenerated normally, and the ventral gonopore (opening to the copulatory 
apparatus) was usually observed within one month after amputation (data not shown).  
Worms fed nanos dsRNA regenerated their somatic tissues normally; however, they did 
not form gonopores until 3 months after amputation. These pores appeared to open into 
an empty cavity, and no copulatory apparatus was formed (data not shown).  
We analyzed the developmental state of the testes in these animals using several 
different markers (Fig 2.7).  The condensing nuclei in clusters of spermatocytes, 
spermatids, and spermatozoa enabled us to use DAPI staining to visualize the testes 
dorso-laterally in whole-mount preparations of control planarians (Fig 2.7A); such dorso-
lateral clusters were absent from nanos RNAi knockdown animals (Fig 2.7B).  
Histological sections of control animals showed normal testes morphology (Fig 2.6G); no 
testes were observed in sections of nanos knockdown animals (Fig 2.6H). Microtubules 
are prominent components of the structure of planarian spermatozoa (Silveira and Porter, 
1964; Franquinet and Lender, 1972; Farnesi et al., 1977); therefore, we used anti-tubulin 
immunofluorescence to visualize clusters of spermatocytes, spermatids, and spermatozoa 
within the testes of control animals (Fig 2.7C and G). These anti-tubulin-positive clusters 
were not observed in animals fed nanos dsRNA (Fig 2.7D and H); the ciliated ducts of 
the excretory system were the only anti-tubulin-positive structures observed within the 
mesenchyme. In planarian testes, dividing spermatogonia undergo three rounds of 
incomplete cytokinesis to generate a cyst of 8 primary spermatocytes; after meiosis and 
spermiogenesis, 32 spermatids are produced (Farnesi et al., 1977). Clusters of dividing 
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cells within these cysts were labeled by using anti-phospho-Histone H3-S10 antibodies 
(Hendzel et al., 1997) (Fig 2.7E and G).  Anti-phospho-Histone H3-S10-positive clusters 
were not seen in nanos RNAi knockdown worms; the only mitotic Fig 3.observed in 
these animals corresponded to unclustered, dividing neoblasts typically observed in the 
mesenchyme of asexual planarians (Fig 2.7F and H) (Newmark and Sanchez Alvarado, 
2000; Reddien et al., 2005a; Reddien et al., 2005b; Salvetti et al., 2005; Guo et al., 2006). 
As additional markers to examine testes regeneration, we analyzed T-plastin and 
germinal H4 expression in control and dsRNA treated worms. Control animals had robust 
expression of T-plastin (Fig 2.7I) and germinal H4 (Fig 2.7K) in testes, providing further 
evidence of proper testes regeneration. In contrast, T-plastin expression was not detected 
in nanos RNAi worms (Fig 2.7J), and testes expression of germinal H4 was not observed 
(Fig 2.7L). germinal H4 is also expressed in ovaries and somatic neoblasts (Zayas et al., 
2005). In control planarians, this marker enabled us to visualize the regenerated ovaries 
(Fig 2.7M). In nanos RNAi animals, ovarian expression of germinal H4 was not observed 
(Fig 2.7N). Together, these results demonstrate that nanos function is required for proper 
regeneration of the planarian gonads. 
The above analysis was performed on animals after several months of RNAi 
treatment; thus, we could not distinguish between early and late effects on the 
regeneration process. To analyze further the progression of the nanos RNAi phenotype, 
we conducted similar RNAi experiments, except that we fixed animals 2 weeks after 
amputation (animals were starved from amputation until fixation). FISH to detect 
germinal H4 mRNA revealed that control animals regenerated testes primordia, visible as 
germinal H4-positive cell clusters (n = 10; Fig 2.8A–D). In contrast, such clusters were 
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not observed in nanos RNAi animals; only neoblast staining was observed (n = 11; Fig 
2.8E and F). We conclude that the nanos RNAi phenotype during regeneration is the 
result of failure to form or maintain testes primordia during early stages of testes 
regeneration rather than loss of mature testes after normal regeneration. Intriguingly, 
sexually mature animals fed nanos dsRNA every 4–5 days over the course of 1 month 
lost their gonads (10 of 10; data notshown), suggesting that Smed-nanos is also required 
to maintain germ cell-derived structures in adult planarians. 
To examine whether nanos was also required for normal post-embryonic 
development of the planarian reproductive system, we performed RNAi experiments on 
newly hatched worms.  One-day-old hatchlings were fed nanos dsRNA every 4-5 days 
for a period of 3 months (it takes ~2 months to reach reproductive maturity).  Although 
these planarians grew normally, they did not develop ovaries (n = 8) or testes (n = 15) (as 
assayed by the molecular markers described above) or gonopores (n =15); whereas 
control animals had ovaries (n = 8), fully developed testes (n = 14), and gonopores (n=14; 
data not shown). Thus, nanos is required for the postembryonic development of the 
planarian reproductive system. 
Smed-nanos Expression Suggests That Asexual Planarians Also Specify Germ Cells 
Surprisingly, Northern (Zayas et al., 2005) blot analysis revealed that nanos mRNA 
was also expressed in asexual planarians, at levels comparable with those observed in 
sexual animals (Fig 2.1). Therefore, we performed whole-mount in situ hybridization to 
examine nanos expression in asexual worms. In asexual planarians, nanos mRNA was 
detected in cells with a distribution similar to that of the presumptive testes primordia of 
sexual worms (Fig 2.9A and Fig 2.10A); similar expression of Djnos was also reported in 
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asexual D. japonica (Sato et al., 2006). This observation prompted us to test additional 
markers of the reproductive structures in asexual planarians (Zayas et al., 2005). Of 14 
genes examined that label the mature gonads in sexual planarians, 13 did not produce 
staining comparable with nanos in asexual worms (data not shown). However, germinal 
H4 (Zayas et al., 2005) was also expressed in asexual planarians, labeling dorsolateral 
clusters of cells in a pattern similar to nanos (Fig 2.9C and Fig 2.10B) as well as somatic 
neoblasts, as indicated by double staining with anti-SMEDWI-1 antibodies (Fig 2.10C–E) 
(Guo et al., 2006).  
Previous work suggested that in asexual planarians, the only proliferating cells are 
neoblasts, the stem cells responsible for the animal’s regenerative abilities, whereas 
differentiated cell types are post-mitotic. After a lethal dose of γ-irradiation, neoblasts are 
eliminated, whereas differentiated cells are unaffected (Reddien et al., 2005a; Reddien et 
al., 2005b; Guo et al., 2006). Three days after γ-irradiation (30 Gy) the expression of 
nanos and germinal H4 mRNAs was eliminated from asexual planarians (Fig 2.9B and 
D). Thus, these genes may be expressed in a subset of the proliferating cell population, or 
neoblasts may give rise to short-lived germ cells in asexual planarians. Further 
experiments will be needed to clarify the basis of the radiation sensitivity of the 
presumptive germ cells. 
Although nanos mRNA is detected in a specific cell population in asexual 
planarians, one possible explanation for the failure of these animals to develop mature 
reproductive organs is that nanos is not functional.  To address this issue, we performed 
nanos RNAi experiments on asexual planarians (Fig 2.9E and F). Animals were fed twice 
with nanos dsRNA and then amputated 7 days after the second feeding; dsRNA feeding 
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was resumed after 1 week, and animals were fixed 1 month after amputation. nanos 
RNAi knockdown animals regenerated and grew normally, but they lacked the 
dorsolateral population of germinal H4-expressing cells, whereas neoblast labeling was 
unaffected (Fig 2.9F). A similar experiment was also performed on intact, asexual 
planarians. Animals were fed nanos dsRNA every 4–5 days for 1 month. All of the nanos 
RNAi animals (n = 15) lacked the dorsolateral population of germinal H4-positive cells 
observed in controls (n =15; data not shown). Thus, nanos function is required for 
maintaining expression of germinal H4 in presumptive germ cells in intact and 
regenerating asexual planarians. 
Our results provide evidence for conservation of nanos function in epigenetic germ 
cell specification in a representative of a basal protostome lineage.  The functional 
genomic resources available for studying S. mediterranea will facilitate the identification 
and functional characterization of genes required for epigenetic germ cell specification 
and development of the reproductive system.  Such studies should provide additional 
insight into the extent to which the mechanisms of germ cell specification have been 
conserved between diverse phylogenetic lineages. 
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Figures 
 
 
Figure 2.1. Structure of the Smed-Nanos Gene and Protein 
(A) Exon--intron map of Smed-nanos. The five exons are depicted by rectangles (shaded, 
ORF; unshaded, UTR); the four introns are depicted by lines, with the nucleotide size 
listed below. Alternative splicing leads to the 15-nucleotide insertion at the beginning of 
the second exon. (B) Alignment of conserved C-terminal region of selected NANOS 
family members: mouse (NANOS1_Mouse, BAC76003), Human (NANOS1_Human, 
AAL36982), Xenopus (XCAT-2, CAA51067), S. mediterranea (Smed-NANOS), and 
Drosophila (NANOS, AAA28715). NANOS zinc finger RNA-binding motif is indicated 
by the black line; asterisks indicate the most conserved C and H residues in the motifs. 
(C) Northern blot of total RNA from sexual and asexual strains of S. mediterranea. Smed-
nanos RNA is detected in both strains; rRNA is shown as a loading control. 
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Figure 2.2. Smed-Nanos Is Expressed in the Testes and the Ovaries of Juvenile and 
Mature S. mediterranea Hermaphrodites But Not in Young Hatchlings 
(A) Diagram of S. mediterranea hermaphrodite illustrating the reproductive organs. o, 
ovaries; t, testes; od, oviducts; ca, copulatory apparatus. (B) Whole-mount in situ 
hybridization showing nanos expression in testes (arrowheads); expression is not detected 
in newly hatched animals. From Top to Bottom: hatchling (34 of 38 lacked detectable 
Smed-nanos mRNA), juvenile (n = 4), smaller (n = 5), and larger mature worms (n = 11) 
(dorsal views). (C) Ventral views of the worms in B, showing nanos expression in the 
ovaries (arrowheads). (Scale bars, 1 mm.) 
38 
 
 
Figure 2.3. Expression of Smed-nanos and germinal histone H4 in Newly Hatched 
Animals 
(A and B) Expression of germinal histone H4 (A) and anosmin-1 (AY066061) (B) in day 
1 (D1) hatchlings. (C--E) In situ hybridization to Smed-nanos in D1 (C), D3 (D), and D7 
(E) hatchlings. (Inset D, and F) High-magnification differential interference contrast 
microscopic views of the Smed-nanos-positive clusters observed in D and E, respectively. 
Total numbers of Smed-nanos-positive animals are: 4 of 38 on D1; 17 of 21 on D3; and 9 
of 9 on D7. [Scale bar, 500 mm (A--C and E); 40 mm (D and F).] (G and H) Whole-
mount in situ hybridization to Smed-nanos in D3 hatchlings. (G) Nonirradiated control. 
Five of five animals have Smed-nanos-positive cells. (H) Animals irradiated on D1. None 
of the 13 animals has Smed-nanos-positive cells. (Scale bar, 500 mm.) (I and J) Whole-
mount FISH to germinal histone H4 in D1 (I) and D3 hatchlings (J). One of seven D1 
hatchling and 4/6 D3 hatchlings have germinal histone H4-positive dorsal clusters 
(indicated by arrows). Images show the tail region, anterior is to the upper left. (Scale 
bar, 100 mm.) 
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Figure 2.4. Smed-nanos Expression in Regenerating Head Fragments Amputated 
Anterior to the Ovaries 
(A) Differential interference contrast microscopic images of regenerating heads fixed 7, 
14, or 21 days after amputation (animals were ≥1.2 cm when amputated). The numbers of 
animals in which nanos mRNA was detected were 7 of 14 at 7 days, 8 of 8 at 14 days, 
and 8 of 9 at 21 days. (Scale bars, 250 µm.) (B) Confocal projections corresponding to 
the boxed regions in A showing nanos mRNA detected by FISH. (Scale bars, 100 µm.) 
Arrows indicate nanos-positive cells shown at higher magnification in the Insets. (Inset 
scale bars, 10 µm.) 
40 
 
 
Figure 2.5. Testes Regeneration in S. mediterranea Hermaphrodites 
(A) Expression pattern of a T-plastin homolog (DN311193) in intact and regenerating 
animals (n = 3 per stage). Days after amputation are indicated below each animal. (Scale 
bar, 1 mm.) (B) Expression pattern of Smed-nanos in intact (n = 2) and regenerating 
planarians (n = 4 per stage). (Scale bar, 1 mm.) (C) Confocal projections showing FISH 
to detect nanos mRNA in intact (n = 4) and regenerating planarians (n = 4 per stage). 
Arrows indicate the central portion of testes lobes. (Scale bar, 100 µm.) 
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Figure 2.6. Inhibition of Gene Expression in the Testes of S. mediterranea 
Hermaphrodites by Ingestion of Bacterially Expressed dsRNA 
 (A--C) Control animals showed normal testes expression of Smed-nanos (EF035555), T-
plastin (DN311193), and Smedwi-2 (DQ186986), respectively (n = 5 for each treatment). 
(D--F) Double-stranded RNA-fed animals showed dramatically decreased expression of 
targeted genes in the testes (n = 5 for each treatment). (Scale bar, 1 mm.) (G and H) 
Transverse cryosections (20 mm) of animals in Fig 2.7I and J at pharyngeal region (ph). 
Control animal (G) has normal testes morphology with the compacted chromatin of the 
spermatozoa easily visible by DAPI staining (arrows). No testes structures were detected 
in Smed-nanos RNAi animal (H). (Scale bar, 60 mm.) 
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Figure 2.7. Smed-nanos RNAi Worms Fail to Regenerate Testes or Ovaries after 
Amputation 
(A and B) DAPI staining of animals fixed 3 months after amputation, showing normal 
testes and copulatory apparatus (asterisk) in controls (A; n = 7) but not in nanos RNAi 
animals (B; n = 8). (Scale bars, 1 mm.) (C–H) Immunofluorescent images of the boxed 
regions in A and B. (C and D) Anti-tubulin labels different stages of spermatogenesis 
(arrowhead) within testes of control animals (C) but not in RNAi animals (D). This 
antibody also labels ciliated excretory ducts (arrow in C). (E and F) Anti-H3-S10P labels 
individual mitotic figures (arrows) and germ cell cysts (arrowhead) in the testes of 
control animals (E), but germ cell cysts were not observed in RNAi animals (F). (G) 
Overlay of C and E. and (H) Overlay of D and F. (Scale bars, 100 µm.) (I–N) In situ 
hybridization for gonad markers. Animals were fixed 2 months after amputation. (I and J) 
T-plastin is expressed in the testes of controls (n = 10) but not in RNAi animals (n = 10). 
(K and L) germinal H4 is expressed in testes of controls (n = 12) but not in RNAi 
animals (n = 12). (Scale bars, 1 mm.) (M and N) germinal H4 is expressed in the ovaries 
(arrowheads) of control animal (M); expression is absent from RNAi animal (N). (Scale 
bars, 500 µm.) 
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Figure 2.8. Smed-nanos RNAi Knockdown Animals Do Not Regenerate Testes 
Primordia 
Animals were fixed 14 days after amputation posterior to the ovaries and processed to 
detect germinal H4 mRNA by FISH. (A–D) Control animals. (E and F) nanos RNAi 
animals. (B, D, and F) Confocal images corresponding to the postpharyngeal regions of 
the planarians shown in A, C, and E. Control animals regenerated germinal H4-positive 
testes primordia (n = 10). (A and B) Well developed testes lobes (arrow in B) were 
observed in the largest of these specimens. (C and D) The remaining animals developed 
smaller clusters of germinal H4-positive testes primordia (arrow in D). (E and F) 
germinal H4-positive dorsal clusters were not detected in nanos RNAi animals (n = 11); 
only somatic neoblasts were observed. ph, pharynx. [Scale bars, 500 µm (A, C, and E); 50 
µm (B, D, and F).] 
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Figure 2.9. Smed-nanos Expression in the Asexual Strain of S. mediterranea and the 
Effect of Smed-nanos RNAi in Asexual Planarians 
(A) Whole-mount in situ hybridization to nanos labels clusters of dorsolateral cells 
reminiscent of the testes pattern in sexual planarians (n = 34). (B) Cells observed in A are 
undetectable 3 days after γ-irradiation (30 Gy) (n = 22). (C) germinal H4 is expressed in 
the neoblasts and clusters of cells similar to nanos-positive cells (n = 18). (D) γ-
irradiation (30 Gy) eliminates germinal H4 expression (n = 15). (E and F) Control and 
RNAi animals fixed 1 month after amputation. (E) Animals fed control bacteria have 
germinal H4 expression similar to untreated planarians (n = 8 heads and 12 trunk pieces). 
(F) nanos RNAi planarians lose expression of germinal H4 expression from the dorsal 
cell clusters, whereas neoblast staining is unaffected (n = 9 heads and 11 trunk pieces). 
All animals were imaged dorsally by using differential interference contrast microscopy. 
(Scale bars, 200 µm.) (Insets) Higher magnification views of the boxed areas. (Inset scale 
bars, 100 µm.) 
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Figure 2.10. Presumptive Germ Cell Clusters in Asexual Planarians Visualized by 
Smed-nanos and germinal histone H4 FISH and Double Labeling with germinal H4 
FISH and the Neoblast Marker, anti-SMEDWI -1 
(A) In situ hybridization to Smed-nanos (n = 10). (B) In situ hybridization to germinal 
histone H4 (n = 8); the germinal histone H4-positive cell clusters and the somatic 
neoblast staining were eliminated after γ-irradiation. (Scale bars, 200 mm.) (A and B 
Insets) High-magnification views of the boxed areas. (Inset scale bars, 40 mm.) (C--E) 
Whole-mount fluorescent in situ to germinal histone H4 and immunofluorescence with 
anti-SMEDWI-1. (C) germinal histone H4 mRNA was detected in mesenchymal cells 
behind or surrounding the photoreceptors. (D) Immunofluorescence detected SMEDWI-1 
protein in mesenchymal cells both behind and in front of the photoreceptors, the latter of 
which are in the process of differentiation. (E) Overlay of C and D. (Scale bar, 200 mm.) 
Orientation of all panels: anterior to upper left. 
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CHAPTER 3 
A FUNCTIONAL GENOMIC SCREEN IN PLANARIANS 
IDENTIFIES NOVEL REGULATORS OF GERM CELL 
DEVELOPMENT 
Summary 
Germ cells serve as intriguing examples of differentiated cells that retain the 
capacity to generate all cell types of an organism. Here we employed functional genomic 
approaches in planarians to identify genes required for proper germ cell development. We 
conducted microarray analyses and in situ hybridization to discover and validate germ 
cell-enriched transcripts, and then used RNA interference to screen for genes required for 
discrete stages of germ cell development. The majority of genes we identified encode 
conserved RNA-binding proteins, several of which have not been implicated previously 
in germ cell development. We also show that a germ cell-specific subunit of the 
conserved transcription factor CCAAT-Binding Protein/Nuclear Factor-Y is required for 
maintaining spermatogonial stem cells. Our results demonstrate that conserved 
transcriptional and post-transcriptional mechanisms regulate germ cell development in 
planarians. These findings suggest that studies of planarians will inform our 
understanding of germ cell biology in higher organisms. 
Introduction 
The specification and proper differentiation of germ cells are essential for the 
continuity of sexually reproducing species. Germ cells can maintain totipotency 
throughout their differentiation, and although gametes are highly specialized cell types, 
this potential is released upon fertilization to generate a new organism (Seydoux and 
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Braun, 2006). Dissecting the molecular mechanisms underlying germ cell development is 
critical for understanding the nature of totipotency, the factors regulating meiotic 
progression, and the sex-specific differentiation of gametes. 
Studies conducted in classic genetic model organisms have identified both 
evolutionarily conserved and species-specific regulators of germ cell development 
(Ewen-Campen et al.). This work has revealed the importance of transcriptional 
repression of somatic fates and post-transcriptional control of gene expression in 
regulating germ cell biology (Seydoux and Braun, 2006; Kimble and Crittenden, 2007; 
Cinalli et al., 2008). Aside from a few model organisms, however, the mechanisms of 
germ cell development remain largely unexplored in the vast majority of metazoan phyla. 
Moreover, current genetic models represent only two of the major bilaterian superphyla, 
Ecdysozoa and Deuterostomia, but not the Lophotrochozoa (Dunn et al., 2008). 
Therefore, a comprehensive understanding of germ cell development in metazoans will 
benefit from mechanistic studies of animals representing additional evolutionary lineages. 
The freshwater planarian, Schmidtea mediterranea, represents one promising model 
for studying germ cell development (Newmark et al., 2008). This member of the 
Lophotrochozoan phylum Platyhelminthes can regenerate new germ cells from fragments 
of adult tissue that lack reproductive organs (Morgan, 1902; Sato et al., 2006; Wang et 
al., 2007). The source of the regenerated germ cells appears to be the somatic stem cells– 
the neoblasts– that are responsible for the animal’s well-known regenerative abilities 
(Baguñà et al., 1989). Neoblasts express several conserved regulators of germ cell 
development (Shibata et al., 1999; Reddien et al., 2005b; Salvetti et al., 2005; Guo et al., 
2006; Solana et al., 2009). Thus, these pluripotent cells share many features with germ 
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cells, and studies of planarians should help reveal the mechanisms by which somatic stem 
cells can produce germ cells. 
Planarian germ cells express orthologs of nanos (Sato et al., 2006; Handberg-
Thorsager and Salo, 2007; Wang et al., 2007), a conserved gene required for germ cell 
differentiation and maintenance in a wide range of animals (Kobayashi et al., 1996; 
Deshpande et al., 1999; Subramaniam and Seydoux, 1999; Koprunner et al., 2001; Tsuda 
et al., 2003; Hayashi et al., 2004; Wang and Lin, 2004; Sada et al., 2009). We showed 
that nanos is required for the development, maintenance, and regeneration of the germ 
cell lineage in sexually reproducing planarians (Wang et al., 2007). Surprisingly, nanos-
positive cells were also observed in asexually reproducing planarians that reproduce by 
fission and never develop gonads (Sato et al., 2006; Handberg-Thorsager and Salo, 2007; 
Wang et al., 2007), suggesting that they possess early germ cells that fail to differentiate; 
nanos function is also required for maintaining these presumptive germ cells (Wang et 
al., 2007). 
Here we utilized functional genomic tools to investigate systematically the 
molecular mechanisms underlying planarian germ cell development. We identified 
transcripts downregulated after nanos RNAi-mediated germ cell loss, and validated their 
germ cell-enriched expression by in situ hybridization. We then performed a targeted 
RNAi screen to investigate the functions of these genes, revealing previously unreported 
roles in germ cell development for several molecules conserved between planarians and 
vertebrates. 
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Results 
Identification of Germ Cell-Specific Genes in S. mediterranea 
To identify genes required for germ cell development in planarians, we used 
microarray analyses to compare gene expression profiles of planarians with and without 
germ cells (control(RNAi) vs. nanos(RNAi) animals, respectively). We generated custom 
oligonucleotide arrays representing 16797 unique S. mediterranea transcripts from two 
EST collections (Sanchez Alvarado et al., 2002; Zayas et al., 2005) and carried out two 
sets of comparisons: asexual nanos(RNAi) vs control(RNAi) animals, to identify genes 
expressed in presumptive germ cells; and juvenile sexual nanos(RNAi) vs control(RNAi) 
animals, to identify genes expressed in testes primordia (Fig 3.1A). 
We first determined the transcriptional profiles of asexual nanos(RNAi) and 
control(RNAi) planarians. The vast majority of the transcripts (~99.4%) examined did not 
show differential expression between nanos(RNAi) and control animals, consistent with 
the observation that nanos knockdown does not detectably affect somatic cells in the 
animal (Wang et al., 2007). 103 genes showed significant differential expression (adj. P < 
0.05) between nanos(RNAi) and control animals (Fig 3.1B, Table 3.1); notably, all of 
these genes were down-regulated in nanos(RNAi) animals. Out of 103 top hits, 72 genes 
have homologs in other organisms. These genes encode proteins with a variety of diverse 
functions, as predicted by associated Cluster of Orthologous Groups (COG) terms 
(Tatusov et al., 2003). They are largely enriched for cytoskeletal components, genes 
involved in carbohydrate transport and metabolism, post-translational 
modification/protein turnover/chaperones, energy production and conversion, as well as 
RNA processing and modification (Table 3.2). nanos transcript itself was the second 
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highest hit by fold change (M=-4.71), confirming the RNAi knockdown efficiency. The 
top hit was a GAPDH (glyceraldehyde-3-phosphate dehydrogenase) homolog, Smed-
GAPDHs (for spermatogenic GAPDH), which showed the largest fold-change (M=-5.54) 
and the lowest P-value (0.00011) among all transcripts. 
Using the same approach, we identified 278 genes that showed significant 
differential expression (adj. P < 0.05) between juvenile sexual nanos(RNAi) and control 
planarians (Fig 3.1C, Table 3.3). Of these, 275 genes were down-regulated in 
nanos(RNAi) animals; 195/275 have likely homologs in other organisms. Based on COG 
terms, the most enriched functional categories include cytoskeletal components, post-
translational modification/protein turnover/chaperones, signal transduction mechanisms, 
carbohydrate transport and metabolism, as well as RNA processing and modification 
(Table 3.4). As in asexuals, Smed-GAPDHs was the top hit by both P-value and fold-
change. When we compared the 103 top hits from asexuals to these 278 genes, we found 
that 80 genes overlapped between the two datasets. 
Validation of Germ Cell-Specific Expression 
To validate our microarray results, we analyzed the expression patterns of the top 
hits by whole-mount in situ hybridization. Sexual S. mediterranea have numerous testes 
lobules distributed dorso-laterally and a pair of ovaries located more ventrally behind the 
cephalic ganglia. Out of 98 ESTs examined, 93 showed testes-specific or testes-enriched 
expression (Table 3.1); of these, three genes were also expressed in ovaries (Table 1). 
Transcripts of two other genes were detected only in ovaries (Table 3.1). Thus, our 
microarray analyses were effective at identifying transcripts whose expression was 
enriched in gonads. 
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In order to define more precisely the cell types in which the top hits from both sets 
of arrays are expressed, we performed fluorescent in situ hybridization (FISH), and 
visualized transcript distributions by confocal microscopy (Fig 3.1D-I). Mature planarian 
testes lobules have a peripheral layer of spermatogonial cells that undergo three rounds of 
mitotic division with incomplete cytokinesis; the resulting eight primary spermatocytes 
then undergo meiosis to generate 32 spermatids (Franquinet and Lender, 1973; Newmark 
et al., 2008). As spermatogonia differentiate, they accumulate towards the luminal side of 
the testes, where mature sperm will ultimately be released into the sperm ducts (Fig 
3.1G). Transcripts of several genes were detected in distinct spermatogenic populations: 
for example, Smed-hnRNPA2 mRNAs were enriched in spermatogonial cells and early 
spermatocytes (Fig 3.1D and 1G); Smed-PABPC-1 (PABPC, cytoplasmic poly(A)-
binding protein) transcripts were detected in spermatocytes and spermatids (Fig 3.1E and 
1H); Smed-NF-YB mRNAs were detected in all germ cells within the testes, except 
mature sperm (Fig 3.1F and 1I). 
Distinct subpopulations of spermatogonia were revealed by the expression patterns 
of some germ cell-enriched transcripts. For example, FISH detected both Smed-GAPDHs 
and Smed-rap55 mRNAs specifically in spermatogonial cells (Fig 3.2). Double FISH 
detected nanos transcripts in a small subset of spermatogonial cells that also express 
GAPDHs; spermatogonia with highest GAPDHs levels, however, were often found 
adjacent to the nanos-positive cells (Fig 3.2A-C). On the other hand, rap55 was detected 
only weakly in the nanos-positive spermatogonia (Fig 3.2D-F). These expression patterns 
reveal heterogeneity within the spermatogonial population: assuming that nanos-positive 
spermatogonia are the spermatogonial stem cells (SSCs) of planarians (Wang and Lin, 
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2004; Sato et al., 2006; Wang et al., 2007; Sada et al., 2009), rap55-positive cells are 
likely to represent differentiating spermatogonia, and GAPDHs-positive cells seem to 
include both SSCs and their direct division progeny. 
Functional Characterization of Genes Required for Distinct Stages of Germ Cell 
Development 
To investigate the functions of these germ cell-enriched transcripts in germ cell 
development, we performed RNAi experiments. We selected 110 ESTs from both 
asexual and juvenile sexual array top hits to generate dsRNA feeding vectors (Table 3.5). 
Priority was given to genes with the largest fold-change in expression, and genes 
predicted to encode proteins involved in transcription, RNA processing, translational 
control, as well as signal transduction. We also included several genes with homologs of 
unknown function in other organisms, and a few novel genes. Because the majority of 
candidate genes are expressed in planarian testes, we focused on male germ cell 
differentiation; furthermore, planarians have numerous testes lobules, and their position 
beneath the dorsal epidermis facilitates subsequent analyses. We performed RNAi by 
feeding dsRNA-containing food to small, juvenile sexual animals for approximately one 
month. When controls reached sexual maturity, animals were fixed and stained with 
DAPI to label germ cell nuclei within the testes, and examined microscopically for 
potential defects in spermatogenesis. Using this method, we identified 13 genes for which 
RNAi knockdown yielded phenotypes at various stages of male germ cell development 
and spermatogenesis (Table 3.6). 
Among them, RNAi knockdown of Smed-Bicaudal-C (Bic-C) and Smed-eIF3c 
resulted in a “no testes” phenotype (Fig 3.3A). Failure of testes formation in Bic-C(RNAi) 
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and eIF3c(RNAi) animals was confirmed by FISH to detect expression of germinal 
Histone H4 (gH4), a marker for spermatogonia, oogonia, and neoblasts. Whereas control 
animals showed normal testes morphology with an outer layer of gH4-positive 
spermatogonia, only individual neoblasts were detected dorso-laterally in RNAi animals 
(Fig 3.3B). Although both Bic-C and eIF3c are also expressed in the ovaries (not shown), 
defects in oogenesis were not apparent in knockdown animals: both gH4 expression and 
oocyte formation appeared to be unaffected (Fig 3.3C and 2D). Sexually mature animals 
with fully developed gonads treated with Bic-C or eIF3c dsRNA over a period of one 
month also lost their testes as shown by gH4 and DAPI staining, yet no defects in 
oogenesis were observed (not shown). Therefore, we conclude that Bic-C and eIF3c are 
required for proper development and maintenance of planarian male germ cells. 
RNAi knockdowns of four genes resulted in meiotic defects in developing sexual 
animals. Three knockdowns (Smed-elav-1, Smed -elav-2, and Smed -PABPC) appear to 
block meiotic progression: no spermatids were detected in the testes of these RNAi 
animals (Fig 3.4A-D), yet a few spermatocytes with pachytene-like nuclear morphology 
were observed (Fig 3.4B-D, insets), suggesting that meiotic entry may occur. Testis 
lobules of RNAi animals also seemed to accumulate more spermatogonia and primary 
spermatocytes compared to control animals. Staining with the mitotic marker anti-
phospho-Histone H3-S10 (H3-S10P; Hendzel et al., 1997), however, did not reveal 
obvious differences between RNAi and control animals, indicating that this accumulation 
is probably not a result of overproliferation (Fig 3.4B-D). 
The fourth gene, spac-1 (for secondary spermatocyte accumulation), encodes a 
protein containing an RRM (RNA Recognition Motif) domain, and is homologous to a 
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hypothetical protein from the parasitic flatworm Schistosoma japonicum. Round 
spermatids could be detected in testes lobules of spac-1(RNAi) animals (Fig 3.4E), 
suggesting that spermatocytes were able to progress through meiosis. However, a 
dramatic accumulation of secondary spermatocytes (clusters of 16 H3-S10P-positive 
cells) was observed in these testes (Fig 3.4E and F), suggesting that meiotic progression 
was aberrant. 
We identified six genes for which RNAi knockdown resulted in defects in 
spermatid elongation: Smed-hnRNPA2, Smed-C3H-4-like, Smed-MSY4, Smed-rap55, 
Smed-Brg1, and sped-1 (spermatid elongation defective), a novel gene encoding a 
predicted protein that shares no similarity with any known or predicted proteins. These 
RNAi animals showed varying degrees of spermatid elongation, but none of them were 
able to produce mature, fully elongated sperm (Fig 3.4G-L): testes of hnRNPA2(RNAi), 
C3H-4-like(RNAi), and MSY4(RNAi) animals contained only round spermatids in the 
testes (Fig 3.4G-I); rap55(RNAi), sped-1(RNAi), and Brg1(RNAi) animals had partially 
elongated spermatids (Fig 3.4J-L).  
FISH showed that all 12 genes were expressed specifically in germ cells in testes 
(Fig 3.1G and H, Fig 3.7); PABPC-1 is also expressed in the oogonia as well as 
differentiating and mature oocytes (Fig 3.7). Thus, the RNAi phenotypes described above 
appear to be the result of germ cell-intrinsic defects. Surprisingly, genes for which RNAi 
generated spermatid elongation defects (rap55, hnRNPA2, C3H4-like, Brg1, MSY4, and 
sped-1) were expressed as early as the spermatogonial stage (Fig 3.1G, Fig 3.7 C-G). To 
ask whether this phenotypic delay could be due to a delay in protein translation, we 
examined localization of the Smed-RAP55 protein in the testes using anti-Trailer-hitch 
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(Drosophila RAP55 ortholog) (Wilhelm et al., 2005) antibodies that cross-react with 
Smed-RAP55 (Fig 3.5A). The absence of detectable staining following rap55 RNAi (Fig 
3.5A and 5B) demonstrates the antibody specificity and confirms the effectiveness of the 
RNAi knockdown. Although rap55 transcripts were detected mainly in spermatogonia 
(Fig 3.5D and 5F), RAP55 protein was most abundant in spermatocytes as well as round 
and elongating spermatids (Fig 3.5E and 5F). Therefore, RAP55 expression appears to be 
regulated post-transcriptionally, and the accumulation of RAP55 protein in spermatids is 
consistent with the spermatid elongation phenotype seen after rap55 RNAi. 
NF-YB Is Required for the Maintenance of Spermatogonial Stem Cells 
Finally, our screen identified an NF-YB (Nuclear factor Y, subunit B; or CCAAT-
binding transcription factor) homolog for which RNAi knockdown produced a unique 
testes degeneration phenotype. Smed-NF-YB(RNAi) animals examined after 6 RNAi 
feedings over a period of ~1 month had either very tiny testes (n=6/12) or no testes 
(n=6/12) (Fig 3.6A). Animals with tiny testes appeared to contain mainly round 
spermatids and occasionally mature sperm in the testis lobules, but lacked spermatocytes 
and spermatogonial cells at the periphery (Fig 3.6A, inset). Nevertheless, in some NF-
YB(RNAi) animals, including those in which no testes were observed by DAPI staining, 
we observed well-developed copulatory apparatus and mature sperm in seminal vesicles 
or sperm ducts (not shown), suggesting these animals could undergo the initial rounds of 
spermatogenesis, but failed to maintain sperm production when NF-YB was knocked 
down. The first wave of sperm production in NF-YB(RNAi) animals could be explained 
by incomplete knockdown during the initial period of RNAi treatment. This scenario 
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seems unlikely, however, because spermatids or mature sperm were not detected in other 
RNAi knockdowns that resulted in failure of testes formation or meiotic progression. 
To examine the role of NF-YB in spermatogonial maintenance, we performed NF-
YB RNAi in mature sexual animals and examined nanos and gH4 expression (Fig 3.6B 
and 6C). After four dsRNA feedings over a period of 31 days, control animals showed 
robust spermatogenesis in their testes, which were surrounded by a layer of gH4-positive 
spermatogonial cells at the periphery (n=17/17, Fig 3.6B, upper panel). A subset of 
spermatogonia was nanos-positive, likely representing spermatogonial stem cells (SSCs). 
NF-YB(RNAi) animals, however, had predominantly round spermatids in the lumen of 
their testes, which were surrounded by a discontinuous spermatogonial layer containing 
only a few gH4-positive cells (n=19/19); the number of nanos-positive putative SSCs per 
testis lobule was also greatly reduced (Fig 3.6B, lower panel). After five dsRNA feedings 
over a period of 37 days, 15/19 RNAi animals had tiny residual testes, in which very little 
spermatogonial gH4 and nanos expression could be detected (Fig 3.6C, middle panel). In 
the remaining RNAi animals (n=4/19) testes had completely degenerated (Fig 3.6C, 
lower panel). Taken together, these results suggest that NF-YB RNAi caused testes 
degeneration in sexually mature planarians, possibly due to depletion of SSCs. In 
contrast, oogenesis appeared to be normal in NF-YB(RNAi) animals, since mature oocytes 
could be found in the ovaries, and ovarian expression of both gH4 and nanos were similar 
to that observed in controls (not shown). Thus, NF-YB appears to be required for 
continuous spermatogenesis by maintainining SSCs. 
In sexual planarians, NF-YB is expressed in all germ cells in the testes except 
sperm, and no somatic expression could be detected (Fig 3.1F and 1I). Therefore, the NF-
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YB(RNAi) phenotype appears to result from a germ cell-intrinsic defect. NF-YB 
expression is also detected in developing testes primordia in juvenile sexual animals and 
its expression is preserved in animals undergoing testes regression and regeneration 
following post-ovary amputation (Fig 3.8). These expression dynamics resemble those of 
nanos transcript (Wang et al., 2007), and are consistent with a role for NF-YB in the 
SSCs. 
Genes Required for Maintaining Germ Cells in Asexual S. mediterranea 
Since Bic-C, eIF3c, and NF-YB are required for testes formation and maintenance 
in sexual planarians, we asked whether they are also required for maintaining 
presumptive germ cells (PGCs) in asexual animals. After one month of RNAi treatment, 
Bic-C(RNAi) and NF-YB(RNAi) animals lacked nanos- and gH4-positive PGCs (Fig 3.9B 
and 6D); eIF3c(RNAi) animals, however, appeared to be unaffected (Fig 3.9C). These 
observations suggest that Bic-C and NF-YB, but not eIF3c, are required for maintaining 
PGCs in asexual planarians; thus, both NF-YB and Bic-C appear to be critical for the 
maintenance of undifferentiated germ cells (spermatogonial stem cells in the sexual 
strain, and PGCs in asexual animals). 
Discussion 
To dissect the mechanisms regulating germ cell development in planarians, we 
identified genes whose expression was germ cell-dependent. We identified a total of 297 
transcripts that showed significant down-regulation in planarians lacking germ cells; we 
validated germ cell-enriched expression for >95% of the top hits by in situ hybridization. 
Our subsequent targeted RNAi screen identified 13 genes required for planarian testis 
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formation, maintenance, meiotic progression, or spermatid elongation. Nearly all of these 
genes (12/13) encode conserved proteins with homologs in other organisms; notably, 10 
of 13 genes are predicted to encode RNA-binding proteins. 
These RNA-binding proteins likely play a variety of roles, including translational 
activation, translational repression, alternative splicing, and regulation of mRNA stability 
(Table 3.6). For example, PABPC and hnRNPA2 are involved in multiple aspects of 
translational regulation and mRNA metabolism (Dreyfuss et al., 1993; Kwon et al., 1999; 
Mangus et al., 2003). ELAV family proteins have been implicated in regulation of 
mRNA stability, pre-mRNA splicing, and more recently, translational activation 
(Koushika et al., 1996; Fan and Steitz, 1998; Koushika et al., 2000; Soller and White, 
2003; Fukao et al., 2009). Bic-C and C3H-4 were recently shown to act as translational 
repressors by recruiting the CCR4 deadenylase complex, which shortens poly(A) tails of 
target mRNAs during Drosophila and Xenopus oogenesis (Chicoine et al., 2007; Belloc 
and Mendez, 2008). Interestingly, hnRNPA2, elav(s), and C3H4-like all encode putative 
ARE-binding proteins (ARE, AU-rich element mediating mRNA decay found in 3’UTRs 
(Barreau et al., 2005; Cairrao et al., 2009)), suggesting roles for AREs during 
spermatogenesis. 
Among these RNA-binding proteins, ELAV family members and MSY4 have been 
shown previously to function in spermatogenesis in other organisms. Recently, an elav-
like gene, Melav2, was shown to be required for spermatid elongation in the flatworm 
Macrostomum lignano (Sekii et al., 2009). However, here we found that knockdown of 
Smed-elav1 and Smed-elav2, the closest homologs of Melav2 in S. mediterranea, resulted 
in an earlier defect– failure of meiosis. Whether this discrepancy reflects species-specific 
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differences in the function(s) of these genes and if they are true orthologs remain to be 
determined. The Y box-containing protein MSY4 is highly expressed in mouse 
spermatogenesis (Davies et al., 2000). An MSY4 homolog, DeY1, was identified from the 
planarian Dugesia etrusca and shown to be expressed specifically in differentiating germ 
cells in the testes (Salvetti et al., 2002). Ectopic expression of MSY4 in late-stage mouse 
spermatids disrupted spermatid differentiation and resulted in sterility (Giorgini et al., 
2002). Here we demonstrate that RNAi knockdown of a planarian MSY4 homolog also 
caused failure of spermatid differentiation. Since forced expression of MSY4 in mouse 
spermatids resulted in translational repression of transcripts critical for spermatid 
maturation (Giorgini et al., 2002), the MSY4(RNAi) phenotype may result from 
precocious translation of spermatid mRNAs. 
Orthologs of several of the genes we identified (e.g., rap55 and Bic-C) are required 
for oogenesis in other species (Table 3.6) (Boag et al., 2005; Chicoine et al., 2007; Belloc 
and Mendez, 2008; Marnef et al., 2009); here we report novel spermatogenic functions 
for these genes. In vertebrate cells, RAP55 (RNA-Associated Protein 55) is a component 
of Processing (P) bodies, sites of mRNA degradation and translational silencing (Tanaka 
et al., 2006; Yang et al., 2006). The Drosophila rap55 ortholog, trailer hitch (tral), is 
required for proper dorsal-ventral egg patterning: tral mutants disrupt secretion of 
Gurken protein (Wilhelm et al., 2005) and have defects in gurken mRNA localization and 
cytoskeletal organization (Snee and Macdonald, 2009). The C. elegans rap55 ortholog, 
car-1, is required for proper oogenesis; RNAi knockdown results in elevated cell death in 
oocytes and early cytokinesis defects in progeny (Boag et al., 2005). Given these roles of 
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Tral and Car-1, defects in membrane trafficking and/or cytoskeletal function could 
account for the spermatid elongation defects observed in Smed-rap55(RNAi) animals. 
In Drosophila, mutations in Bic-C disrupt oogenesis and anteroposterior patterning 
of the developing egg (Mahone et al., 1995). Recent work has shown that Bic-C mutants 
have defects in Gurken secretion resembling those observed in tral mutants; furthermore, 
Bic-C and tral interact genetically (Snee and Macdonald, 2009) and their proteins interact 
biochemically (Kugler et al., 2009). Adult Drosophila males express two alternatively 
spliced Bic-C transcripts at very high levels; however, the functions of these male-
specific isoforms remain unclear, since all Bic-C mutant alleles are male-fertile (Mahone 
et al., 1995). A C. elegans Bic-C homolog, gld-3, plays multiple roles in the germline: it 
is required maternally for germline survival and proper embryogenesis, and also 
promotes sperm fate and meiotic progression (Eckmann et al., 2002; Eckmann et al., 
2004). GLD-3 is a divergent member of the Bic-C family, lacking the SAM (sterile alpha 
motif) domain found at the carboxy terminus of other family members (Eckmann et al., 
2002). GLD-3 interacts biochemically with FBF RNA-binding proteins, thereby 
inhibiting their binding to target RNAs (Eckmann et al., 2002), and with GLD-2, the 
catalytic subunit of a cytoplasmic poly(A) polymerase, to promote meiotic entry 
(Eckmann et al., 2004) and spermatogenesis (Kim et al., 2009). 
Intriguingly, the human rap55 orthologue LSM14B shows dramatic up-regulation 
during spermatogenesis (Chalmel et al., 2007), and in mouse testes RAP55 protein is 
detected in spermatocytes and spermatids (Pepling et al., 2007), the same cells in which 
the planarian RAP55 protein is detected most abundantly. Furthermore, mouse BicC also 
appears to be highly expressed in spermatogonia (Chalmel et al., 2007). Thus, it will be 
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of interest to examine whether these genes play similar roles in spermatogenesis and 
early germ cell development in vertebrates. 
There has been speculation that during germ cell development, the requirements to 
maintain genomic totipotency force germ cells to rely mainly upon “RNA-centric” 
translational control, instead of “DNA-centric” transcriptional control to regulate gene 
expression (Seydoux and Braun, 2006). Our data provide additional evidence for the 
critical role of post-transcriptional regulation throughout germ cell development. The 
majority of genes for which RNAi knockdown results in a germ cell-defective phenotype 
encode RNA-binding proteins. Furthermore, we identified transcripts based upon their 
expression in relatively early germ cells, yet many of the RNA knockdowns revealed 
functions in later stages of spermatogenesis. This observation suggests that in planarians, 
early male germ cells store RNAs required for later stages of differentiation, and that 
sequential waves of post-transcriptional control drive meiotic progression and 
spermiogenesis, as observed in meiotic progression in Xenopus oocytes (Vasudevan et 
al., 2006) and throughout germ cell development in C. elegans (Kimble and Crittenden, 
2007). The abundance of rap55 mRNA in spermatogonia (in which the protein is barely 
detectable), and the paucity of rap55 mRNA in spermatids (that contain high levels of the 
protein) are consistent with this idea. 
Our screen also identified two genes (Smed-C3H4-like and spac-1) with highest 
similarity to sequences from parasitic flatworms of the genus Schistosoma. These 
organisms are responsible for schistosomiasis, a neglected tropical disease affecting over 
200 million people worldwide (King, 2009). Although genome sequences are available 
for two species of Schistosomes (Berriman et al., 2009; Schistosoma japonicum Genome 
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Consortium, 2009), the requirements for invertebrate intermediate hosts and vertebrate 
definitive hosts to propagate the life cycle complicate large-scale analysis of gene 
function in these animals. The ability to characterize flatworm-specific genes by 
examining their roles in planarians represents a promising strategy for understanding the 
less accessible parasitic flatworms. Because the pathology of schistosomiasis results from 
inflammatory responses to the parasite’s eggs (King, 2009), any flatworm-specific targets 
that eliminate this tremendous reproductive output could be useful in controlling the 
disease. 
Finally, we found that a planarian NF-YB homolog is required for maintaining 
spermatogenesis. Following NF-YB RNAi in sexual planarians, round spermatids 
accumulate and the gH4+ spermatogonial layer of the testis is lost. Thus, spermatogonial 
progeny can differentiate properly, forming spermatocytes that progress through meiosis 
and initiate spermatid nuclear condensation; however, the spermatogonial layer 
disappears, consistent with a failure to maintain spermatogonial stem cells. Furthermore, 
NF-YB RNAi in asexual planarians resulted in a loss of nanos+ gH4+ early germ cells. 
Together, these results suggest that this gene is required for maintaining undifferentiated 
male germ cells in planarians. 
NF-YB encodes one subunit of the trimeric transcription factor NF-Y (or CCAAT-
binding factor), that binds specifically to the CCAAT box, a motif commonly found in 
eukaryotic promoters (Ceribelli et al., 2008). The NF-YB(RNAi) phenotype in sexual 
planarians is strikingly similar to that of TAF4b and Plzf mutant mice, that initially 
produce sperm, but then become infertile due to progressive loss of spermatogonia 
(Buaas et al., 2004; Costoya et al., 2004; Falender et al., 2005). TAF4b is a component of 
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the TFIID complex of the RNA polymerase II basal transcription machinery, and PLZF 
(promyelocytic leukemia zinc-finger protein) is a transcriptional repressor. Both genes 
are required for maintaining SSCs (Buaas et al., 2004; Costoya et al., 2004; Falender et 
al., 2005); NF-YB may play a similar role in planarians. NF-YB transcripts are enriched in 
mouse spermatogonia relative to other testes cell types (Chalmel et al., 2007), so it will 
be of interest to determine whether it is also involved in regulating SSCs in mammalian 
testes. Interestingly, CCAAT boxes were over-represented in promoters of genes 
upregulated in primordial germ cells and embryonic stem (ES) cells (human and mouse) 
relative to differentiated cell types (Grskovic et al., 2007). Expression of NF-YA and NF-
YB mRNAs decreased during the course of ES cell differentiation, and RNAi 
knockdowns of these genes reduced the proliferative potential of ES cells (Grskovic et 
al., 2007). In murine hematopoietic stem cells (HSCs), NF-Y overexpression activates 
HSC regulatory genes and promotes HSC self-renewal, in vitro and in vivo (Zhu et al., 
2005). Together, these results suggest a widely conserved role for NF-Y in regulating 
multiple stem cell populations. 
In summary, we have identified genes required for distinct stages of male germ cell 
development in planarians; notably, most of these genes share extensive similarity with 
vertebrate genes. Several microarray analyses have surveyed germ cell differentiation in 
various mammalian species (e.g., (Schultz et al., 2003; Oatley et al., 2006; Chalmel et al., 
2007); however, large-scale functional analyses remain difficult in these animals. Our 
work demonstrates that planarians can serve as valuable models for screening large 
numbers of such differentially expressed genes to dissect conserved mechanisms of germ 
cell development. 
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Figure 3.1. Transcriptional Profiling of nanos(RNAi) vs. control(RNAi) Animals, and 
Validation of Germ Cell-Specific Expression of Identified Genes 
(A) Experimental design of microarray analyses. Arrowhead, presumptive germ cells; 
arrow, testes primordia. Insets, magnified views of germ cells in control(RNAi) animals. 
(B and C) M-A plots showing differential expression between asexual nanos(RNAi) vs 
control(RNAi) animals (B), and juvenile sexual nanos(RNAi) vs control(RNAi) animals 
(C). M represents the log2-intensity ratios and A represents the log2-intensity averages. 
Open black circles, transcripts that did not show significantly differential expression; 
closed turquoise circles, transcripts with adj. P value = 0.01- 0.05; closed magenta circles, 
transcripts with adj. P value < 0.01. (D-I) Genes identified from microarray analyses were 
expressed in different germ cell populations in testes, as revealed by fluorescent in situ 
hybridization (FISH). (D-F) Whole-mount images. Arrowhead, testes. (G-I) Magnified 
views of testes lobules. Scale bars: (A) 0.5 mm; insets, 50 µm; (D-F) 1 mm; (G-I) 50 µm. 
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Figure 3.2. Candidate Genes that Are Expressed in Distinct Spermatogonial 
Populations in the Testes 
(A-C) Double fluorescent in situ hybridization (FISH) to detect nanos and GAPDHs 
transcripts in the testes. Inset, magnified view of boxed region in (C). nanos-positive 
spermatogonia also express GAPDHs. (D-F) Double FISH to detect nanos and rap55 
transcripts in the testes. Inset, magnified view of boxed region in (F). rap55 is only 
weakly expressed in nanos-positive spermatogonia. Scale bars: 50 µm. Scale bars in 
insets, 20 µm. 
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Figure 3.3. Bicaudal-C and eIF3c Are Required for Testes Formation 
(A) DAPI staining and germinal histone H4 (gH4) FISH to label testes (arrowheads) in 
control and RNAi animals. (B) Magnified views of testes in control(RNAi) (n=14/14) and 
neoblasts in Bic-C(RNAi) (n=15/15) and eIF3c(RNAi) animals (n=15/15). Arrowhead, 
spermatogonia; arrows, neoblasts. (C and D) DAPI staining and FISH to detect gH4 
transcripts in ovaries of control and RNAi animals. (C) Asterisks, ovaries. (D) Magnified 
views of boxed regions in (C). Arrowheads, oogonia. Asterisks, oocyte nuclei stained 
with DAPI. Scale bars: (A) 1 mm; (B) 100 µm; (C) 200 µm; (D) 50 µm. 
67 
 
 
Figure 3.4. Genes Required for Meiotic Progression and Spermatid Elongation 
(A-E, G-L) DAPI and H3-S10P staining of testes in control and RNAi animals (n>12 for 
each gene). (B-D) RNAi knockdowns showing meiotic failure. (E) spac-1(RNAi) animals 
accumulated H3-S10P-positive secondary spermatocytes (arrows). (F) Quantification of 
H3-S10P-positive cysts in control and spac-1(RNAi) animals; the latter showed increased 
numbers of H3-S10P-positive secondary spermatogenic cysts (P < 0.0005, Student’s t 
test). Error bars represent s.e.m. 12 testis lobules from three animals were counted for 
each group. (G-L) RNAi knockdowns resulting in spermatid elongation defects. Scale bar 
in (A), 100 µm. Scale bars in insets, 20 µm. 
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Figure 3.5. Post-Transcriptional Regulation of rap55 
(A and B) Anti-Trailer-hitch (Tral) antibodies (Wilhelm et al., 2005) cross-react with 
planarian RAP55 protein, as shown by lack of detectable anti-Tral staining in 
rap55(RNAi) animals (control, n=6/6; rap55(RNAi), n=5/5)). Animals were fed dsRNA-
containing food three times over 12 days and fixed 7 days after the last feeding. (C-F) 
Localization of rap55 transcripts and protein in testes. (C) DAPI-stained testis lobule. (D) 
FISH to detect rap55 transcript. (E) Anti-Tral staining to detect RAP55 protein. (F) 
Overlay. Arrow, spermatogonia; arrowhead, spermatids. Scale bar, 50 µm. 
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Figure 3.6. Loss of Spermatogonia after NF-YB(RNAi) 
(A) DAPI staining showing that NF-YB(RNAi) juveniles developed small testes or no 
testes. Inset, small testis lobule in NF-YB(RNAi) animal showing accumulation of round 
spermatids. Scale bars, 1 mm; in inset, 50 µm. (B and C) Double FISH to detect nanos 
and gH4 transcripts in sexually mature control or NF-YB(RNAi) animals.  Over time, NF-
YB(RNAi) animals showed testes degeneration, loss of spermatogonia, and reduced gH4 
and nanos expression. Scale bars: whole-animal images, 1 mm; magnified views, 100 
µm. 
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Figure 3.7. Additional Germ Cell-Specific Expression Patterns of Candidate Genes 
(A-J) Testes-specific expression. (K-N) PABPC is also highly expressed in the ovaries. 
(L-N) Magnified views of boxed region in (K). Arrows, differentiating oogonia. Scale 
bars: in (A-J) and (L-N), 50 µm; in (K), 200 µm. 
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Figure 3.8. Dynamics of NF-YB Expression in Sexual S. mediterranea 
(A) NF-YB transcript is detected in the developing testes of juvenile sexual animals and 
mature testes in the adults. (B) NF-YB expression is preserved in animals that undergo 
testes degeneration/regeneration following post-ovary amputation. Scale bars, 1mm. 
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Figure 3.9. NF-YB and Bic-C are Required to Maintain nanos and gH4 Expression 
in Presumptive Germ Cells in Asexual Planarians 
(A) Presumptive germ cells in control(RNAi) animals express gH4 and nanos 
(arrowheads, n=18/18). (B and D) No gH4 and nanos-positive germ cells were detected 
in Bic-C(RNAi) (n=18/18) and NF-YB(RNAi) (n=16/16) animals. (C) eIF3c(RNAi) 
animals showed normal nanos and gH4 expression in presumptive germ cells (arrows, 
n=17/17). Scale bar, 100 µm. 
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Table 3.1. Top Hits from Asexual nanos(RNAi) vs. Control Microarrays (adj. P < 0.05). 
ID logFC t adj.P.Val Putative Identity E-value COG terms 
Testes 
Expression 
Ovaries 
Expression 
Contig6300 -5.540941953 -34.00431849 0.000113343 
similar to glyceraldehyde-3-phosphate 
dehydrogenase [Pilobolus crystallinus] 8.00E-133 
Carbohydrate transport 
and metabolism +   
Contig4229 -3.797755749 -24.67147603 0.000502623 
similar to four and a half lim domains 
[Schistosoma mansoni] 0.00E+00 unknown +   
PL06011A2G07 -3.091856949 -21.70434988 0.00079838 
similar to triosephosphate isomerase 
[Dugesia japonica] 6.00E-15 
Carbohydrate transport 
and metabolism +   
Contig3869 -3.518446236 -20.75432246 0.000810411 
similar to adhesion regulating molecule 1b 
[Danio rerio] 1.00E-37 unknown +   
Smed_nanos -4.711099054 -21.6114427 0.000931357 Smed_nanos   
General function 
prediction only +   
PL05004B2H05 -4.173910314 -18.5637204 0.000931357 
similar to alpha-tubulin [Schmidtea 
polychroa]    1.00E-38 Cytoskeleton +   
PL06020A2G07 -3.22104491 -17.44434391 0.000931357 
similar to mRNA capping enzyme, C-
terminal domain containing protein [Apis 
mellifera] 1.00E-17 
RNA processing and 
modification +   
Contig5007 -3.036581694 -19.6082917 0.000931357 similar to beta-tubulin [Fasciola hepatica]    0 Cytoskeleton +   
Contig4332 -2.780927926 -17.80047259 0.000931357 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-65 unknown +   
PL06009B1G02 -2.756443974 -19.06128708 0.000931357 
similar to protein bicaudal C homolog 1-B 
[Xenopus laevis] 5.00E-54 
RNA processing and 
modification + + 
PL06003X1F08 -2.625297538 -17.89295744 0.000931357 no hits   no hits +   
Contig3340_WUSTL -2.514641936 -16.82689167 0.000931357 no hits   no hits N/A   
Contig3666 -2.512443619 -17.62919535 0.000931357 
similar to malate dehydrogenase [Naegleria 
gruberi] 1.00E-42 
Energy production and 
conversion +   
Contig143 -2.42877851 -16.78384724 0.000931357 
similar to alpha-tubulin [Dugesia 
ryukyuensis] 3.00E-84 Cytoskeleton +   
Contig4966 -2.412004187 -16.90658181 0.000931357 
similar to LIM homeobox 5 [Xenopus 
tropicalis] 1.00E-06 unknown +   
Contig1343 -2.281623814 -16.01352072 0.001159935 
similar to shippo-1-related [Schistosoma 
mansoni] 8.00E-29 unknown +   
PL06021B1D08 -2.272679573 -15.57403023 0.001315104 
similar to ELAV (embryonic lethal, 
abnormal vision)-like 2 (Hu antigen B) 
[Xenopus (silurana) tropicalis] 4.00E-66 
RNA processing and 
modification +   
PL06013A1G01 -2.290151877 -14.58385338 0.001925538 
similar to PREDICTED: similar to 
CG34457 CG34457-PA [Ciona intestinalis] 4.00E-19 unknown +   
Contig4037 -2.052329484 -14.15096392 0.002229408 similar to rap55 [Aedes aegypti] 1.00E-12 
Intracellular trafficking, 
secretion, and vesicular 
transport +   
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ID logFC t adj.P.Val Putative Identity E-value COG terms 
Testes 
Expression 
Ovaries 
Expression 
Contig5455 -2.453826422 -13.96983657 0.002307343 similar to Y1 protein [Dugesia etrusca] 1.00E-87 unknown +   
Contig6395 -1.988519572 -13.75160581 0.00243977 
similar to RIB43A domain with coiled-coils 
2 [Xenopus (silurana) tropicalis] 3.00E-64 unknown +   
PL08008B1F01 
-2.268065978 -13.58300645 0.002462685 
similar to mRNA Capping Enzyme Like 
family member (cel-1) [Caenorhabditis 
elegans] 1.00E-27 
RNA processing and 
modification +   
Contig4074 -2.085704575 -13.4586647 0.002462685 
similar to alpha-tubulin [Schmidtea 
polychroa]  7.00E-92 Cytoskeleton +   
PL08009A1H09 -2.002128516 -13.50379623 0.002462685 similar to beta-tubulin [Bombyx mori] 3.00E-55 Cytoskeleton +   
PL08003B2H02 -2.129241113 -13.34818797 0.002496954 
similar to predicted protein [Nematostella 
vectensis] 1.00E-22 unknown +   
Contig5851 -1.93624449 -13.23451777 0.002540891 
similar to glutamate receptor Gr1 [Bombyx 
mori] 3.00E-25 unknown +   
Contig7537 -1.86884199 -13.11901716 0.002593006 similar to alpha-tubulin [Fasciola hepatica]  8.00E-92 Cytoskeleton +   
Contig42 -2.030337534 -12.900055 0.002617036 no hits   no hits +   
Contig6429 -1.986057977 -12.93786832 0.002617036 
similar to tubulin alpha [Lubomirskia 
baicalensis]  6.00E-33 Cytoskeleton +   
PL06017B1C11 -1.855699102 -12.89375601 0.002617036 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-50 unknown +   
Contig3963 -1.926490165 -12.54777321 0.003031091 
similar to triose phosphate isomerase 
[Dugesia japonica]    1.00E-21 
Carbohydrate transport 
and metabolism +   
Contig7172 -1.774296377 -12.45399108 0.003085354 
similar to Phosphoenolpyruvate 
carboxykinase, cytosolic [Salmo salsar] 4.00E-74 
Energy production and 
conversion +   
PL030017A10G01 -2.172875807 -12.29016556 0.003195838 
similar to alpha-tubulin [Schmidtea 
polychroa]  9.00E-91 Cytoskeleton +   
PL08001A1A01 -1.759196146 -12.2742871 0.003195838 
similar to alpha-III tubulin [Homarus 
americanus] 5.00E-34 Cytoskeleton +   
Contig1281 -1.837006056 -12.1460312 0.003326882 
similar to Fructose-1,6-bisphosphate 
aldolase [Schistosoma mansoni] 3.00E-141 
Carbohydrate transport 
and metabolism +   
PL05005B1B09 -1.719239331 -12.02792864 0.003449262 
similar to Tubulin, alpha family member 
(tba-9)  [Caenorhabditis elegans] 5.00E-10 Cytoskeleton +   
Contig3918 -2.03419256 -11.97054454 0.003463264 
similar to eukaryotic translation initiation 
factor 3, subunit C [Danio rerio] 2.00E-64 
Translation, ribosomal 
structure and biogenesis + + 
Contig5850 -1.715884412 -11.73604829 0.003764879 no hits   no hits +   
Contig488 -1.674747387 -11.72501716 0.003764879 no hits   no hits +   
Contig2134 -1.723437017 -11.58438604 0.003973157 
similar to transmembrane BAX inhibitor 
motif containing 6 [Mus musculus] 7.00E-37 Defense mechanisms +   
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Testes 
Expression 
Ovaries 
Expression 
PL06011A2A09 -1.877168028 -11.50046431 0.004065468 
similar to CCT-gamma protein [Drosophila 
melanogaster] 1.00E-08 
Posttranslational 
modification, protein 
turnover, chaperones +   
Contig3830 -1.70080742 -11.38036302 0.004251168 no hits   no hits +   
PL04005B2A04 -2.011932415 -11.15568758 0.004730789 
weak similarity to PREDICTED: similar to 
cytochrome c oxidase subunit Via 
polypeptide 1 [Hydra magnipapillata] 5.00E-04 
Energy production and 
conversion +   
PL08004B1C07 -2.019495326 -10.94869102 0.005224695 
similar to alpha-tubulin at 84D, isoform A 
[Drosophila melanogaster] 3.00E-62 Cytoskeleton +   
Contig6058 
-2.040663722 -10.75064432 0.005509193 similar to enolase [Echinostoma caproni]  4.00E-159 
Carbohydrate transport 
and metabolism +   
PL08001A1F12 -1.649294584 -10.75542064 0.005509193 no hits   no hits +   
Contig4152 -1.575944728 -10.80377002 0.005509193 
similar to tubulin, alpha 1 [Xenopus 
tropicalis] 9.00E-148 Cytoskeleton +   
Contig4370 -2.615033728 -10.68910739 0.005599833 
similar to Tubulin alpha-1 chain 
[Schistosoma japonicum] 9.00E-06 Cytoskeleton +   
Contig1744 -1.587073845 -10.65512439 0.005600404 no hits   no hits +   
Contig6142 -1.674282405 -10.51207528 0.005992552 no hits   no hits +   
PL08004B1E04 -2.380621149 -10.28239771 0.006780722 
similar to pyruvate kinase [Schstosoma 
mansoni] 7.00E-31 
Carbohydrate transport 
and metabolism +   
PL06022B2C01 -1.473813465 -10.13902708 0.007283537 
similar to tubulin subunit beta [Schistosoma 
mansoni] 2.00E-108 Cytoskeleton +   
Contig5230 -1.585563298 -9.837078155 0.008526894 
similar to glutamine synthetase 
[Enchytraeus japonensis] 3.00E-142 
Amino acid transport 
and metabolism +   
PL08006B2F01 -1.51060503 -9.865157014 0.008526894 
similar to UBX domain containing protein 
[Brugia malayi] 3.00E-09 unknown +   
Contig2036_WUSTL -1.364804572 -9.501459728 0.010467975 no hits   no hits N/A   
Contig5229 -2.28688226 -9.393867061 0.011004024 
similar to n-acetyltransferase mak3 
[Schistosoma mansoni] 6.00E-19 
General function 
prediction only +   
Contig6230 -1.406126444 -9.375487398 0.011004024 no hits   no hits +   
Contig5990 -1.652039909 -9.339679043 0.011082881 
similar to creatine kinase [Schistosoma 
mansoni] 0.00E+00 
Energy production and 
conversion +   
Contig1152 -1.372418505 -9.311801647 0.011105749 no hits   no hits +   
PL08002B2A08 -1.528012351 -9.171075738 0.01203865 no hits   no hits +   
PL06004A1C12 -1.709898848 -9.081626448 0.012403288 similar to Kinesin light chain [Gallus gallus] 2.00E-40 Cytoskeleton +   
PL08003A1D07 -1.511041265 -9.092933753 0.012403288 
similar to Tubulin alpha chain 
[Encephalitozoon cuniculi GB-M1] 2.00E-05 Cytoskeleton +   
Contig4731 -1.346830198 -8.905762165 0.013827574 
similar to dynein light chain [Schistosoma 
mansoni] 4.00E-14 Cytoskeleton +   
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Contig4149 -1.281098433 -8.860490725 0.014060378 similar to SUN2 - [Mus musculus] 1.00E-37 unknown +   
PL030013B10B06 -1.246776709 -8.637590725 0.016276181 
similar to alpha-tubulin [Schmidtea 
polychroa] 1.00E-40 Cytoskeleton +   
PL08007A2H05 -1.248060323 -8.571820515 0.016825093 
similar to hypothetical protein [Dugesia 
ryukyuensis] 3.00E-17 unknown +   
Contig6731 -1.344073644 -8.512796064 0.017314969 no hits   no hits +   
Contig7019 -1.250121202 -8.382977455 0.018800144 no hits   no hits  + 
PL08001B1F07 -1.465432414 -8.350937338 0.018980801 
similar to alpha-tubulin [Dugesia 
ryukyuensis] 4.00E-14 Cytoskeleton +  
H_16_9e_T3_3 -1.174887929 -8.245774328 0.020265044 no hits   no hits N/A  
PL06012A2A09 -1.221534073 -8.125968548 0.021905499 
similar to hypothetical protein [Schistosoma 
mansoni] 5.00E-70 unknown +  
Contig2421 -1.145527435 -8.03552078 0.023172801 
similar to hypothetical protein [Schistosoma 
mansoni] 6.00E-28 unknown  + 
PL06005A2H02 -1.181840528 -7.940068532 0.024631235 
similar to Leucine rich repeat containing 40 
[Danio rerio] 1.00E-30 unknown +  
Contig4330 -1.157812572 -7.902678736 0.02502623 similar to Tubulin, beta 4 [Fasciola hepatica] 0.00E+00 Cytoskeleton +   
PL08004A1G03 -1.252689595 -7.749495804 0.027843127 
similar to protein phosphatase 1 catalytic 
subunit beta isoform [Oikopleura dioica] 4.00E-27 
Signal transduction 
mechanisms +   
PL08009B1E11 -1.212286527 -7.735577539 0.027843127 no hits   no hits +   
Contig4608 -1.170998547 -7.511397217 0.032987855 no hits   no hits    
Contig2459 -1.098440839 -7.472045101 0.033641123 no hits   no hits +   
Contig946 -1.099290284 -7.44601402 0.033939972 no hits   no hits +   
PL08002A1E02 -1.343683758 -7.416367436 0.033956662 
similar to leucine rich repeat containing 40 
[Salmo salar] 3.00E-16 unknown +   
Contig1900 -1.154648176 -7.415361836 0.033956662 
similar to Proteasome activator pa28 beta 
subunit family protein [Brugia malayi] 1.00E-23 
Posttranslational 
modification, protein 
turnover, chaperones +   
Contig2534 -1.186925365 -7.397197539 0.034054494 no hits   no hits +   
PL08002A1A02 -1.148152677 -7.378527856 0.034173152 
similar to cct8 protein [Xenopus (Silurana) 
tropicalis] 1.00E-40 
Posttranslational 
modification, protein 
turnover, chaperones +   
Contig1552 -1.079350102 -7.32843214 0.035215253 no hits   no hits +   
PL06011A1C11 -1.046676152 -7.210815826 0.037978196 
similar to Muscle glycogen phosphorylase 
[Rattus norvegicus] 3.00E-84 
Carbohydrate transport 
and metabolism +   
Contig5607 -1.034225555 -7.198533724 0.037978196 no hits   no hits +   
PL06020B2H12 -1.025360433 -7.197832008 0.037978196 no hits   unknown +   
Contig4510 -1.180525727 -7.178968179 0.038156415 
similar to unknown [Schistosoma 
japonicum] 1.00E-23 unknown +   
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Contig5654 -1.037547414 -7.128603816 0.039392379 
similar to trichohyalin, putative 
[Trichomonas vaginalis G3] 2.00E-12 Cytoskeleton    
Contig1631 -1.011399416 -7.093348297 0.040155844 no hits   no hits +   
PL08001B2D05 -1.011429478 -7.07266652 0.040430676 
similar to T-complex protein 1 subunit delta 
[Schstosoma japonicum] 2.00E-37 
Posttranslational 
modification, protein 
turnover, chaperones +   
Contig2635 -1.05238635 -7.012192165 0.042146491 no hits   no hits +   
PL06010A1D07 -1.165989328 -6.985941011 0.042205139 
similar to lymphocyte cytosolic protein 1 (I-
plastin) [Mus musculus] 3.00E-27 Cytoskeleton +   
H_55_10a_-2 -1.044948825 -6.992100613 0.042205139 no hits   no hits N/A   
Contig6664 -1.048661811 -6.957309701 0.042820186 no hits   no hits +   
PL06012A2B10 -0.992707025 -6.887959734 0.045039898 similar to pyruvate kinase [Salmo salar] 8.00E-37 
Carbohydrate transport 
and metabolism +   
Contig4559 -1.053445123 -6.845126792 0.04536308 no hits   no hits +   
Contig6673 -0.989957172 -6.847792432 0.04536308 no hits   no hits + + 
PL08004A1B12 -0.985153991 -6.867569805 0.04536308 
similar to Chaperonin containing t-complex 
protein 1 gamma subunit tcpg [Schstosoma 
mansoni] 2.00E-59 
Posttranslational 
modification, protein 
turnover, chaperones +   
PL06016B2H07 -0.98042067 -6.824688503 0.045704208 
similar to tektin 3 [Xenopus (silurana) 
tropicalis] 1.00E-15 Cytoskeleton +   
Contig5510 -0.971930795 -6.814203072 0.045704208 no hits   no hits +   
Contig5219 -1.004111163 -6.792729753 0.046131021 no hits   no hits    
Contig5633 -1.122850541 -6.75147187 0.047401333 
similar to Tubulin, alpha family member 
(tba-4) [Caenorhabditis elegans] 1.00E-73 Cytoskeleton +   
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Table 3.2. Cluster of Ortholog Groups (COG) Terms Associated with Top Hits from Asexual nanos(RNAi) vs. Control 
Microarrays. 
Functional Category Number of Genes 
No homology 31 
Cytoskeleton 24 
Conserved with unknown function 20 
Carbohydrate transport and metabolism 8 
Posttranslational modification, protein turnover, chaperones 5 
Energy production and conversion 4 
RNA processing and modification 4 
General function prediction only 2 
Signal transduction mechanisms 1 
Amino acid transport and metabolism 1 
Defense mechanisms 1 
Intracellular trafficking, secretion, and vesicular transport 1 
Translation, ribosomal structure and biogenesis 1 
Subtotal 103 
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Table 3.3. Top Hits from Juvenile Sexual nanos(RNAi) vs. Control Microarrays (adj. P < 0.05). 
ID logFC t adj.P.Val Putative Identity E-value COG terms 
Contig6300 -5.08245516 -36.03908837 0.000228142 
similar to glyceraldehyde-3-phosphate 
dehydrogenase [Pilobolus crystallinus] 8.00E-133 Carbohydrate transport and metabolism 
Contig4037 -5.178171356 -26.20948947 0.000431963 similar to rap55 [Aedes aegypti] 1.00E-12 
Intracellular trafficking, secretion, and 
vesicular transport 
PL08001B2D05 -4.208278919 -27.52232769 0.000431963 
similar to T-complex protein 1 subunit delta 
[Schstosoma japonicum] 2.00E-37 
Posttranslational modification, protein 
turnover, chaperones 
Contig4966 -3.574208229 -26.16040449 0.000431963 
similar to LIM homeobox 5 [Xenopus 
tropicalis] 1.00E-06 unknown 
Contig4533 -4.709541858 -22.76200466 0.000756824 
similar to alpha-tubulin [Chloromonas sp. 
ANT3] 6.00E-85 cytoskeleton 
PL06020A2G07 -4.669066077 -22.43949598 0.000756824 
similar to mRNA capping enzyme, C-terminal 
domain containing protein [Apis mellifera] 1.00E-17 RNA processing and modification 
Contig4332 -7.225115373 -20.20930365 0.000809161 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-65 unknown 
PL030017A10G01 -5.676266567 -21.5769389 0.000809161 similar to alpha-tubulin [Schmidtea polychroa]  9.00E-91 cytoskeleton 
PL06012B2C05 -5.529921466 -20.64122149 0.000809161 similar to Tcp1 protein [Danio rerio] 4.00E-83 
Posttranslational modification, protein 
turnover, chaperones 
Contig4314 -5.189265154 -20.15925474 0.000809161 
similar to chaperonin containing t-complex 
protein 1 delta subunit tcpd [Schistosoma 
mansoni] 2.00E-89 
Posttranslational modification, protein 
turnover, chaperones 
PL06003X1F08 -4.444456809 -20.89944542 0.000809161 no hits   no hits 
Contig3869 -4.587466518 -19.59787386 0.00088541 
similar to adhesion regulating molecule 1b 
[Danio rerio] 1.00E-37 unknown 
Contig4152 -6.538072368 -18.01925628 0.001347807 similar to tubulin, alpha 1 [Xenopus tropicalis] 9.00E-148 cytoskeleton 
Contig7537 -5.694839015 -17.87938468 0.001347807 similar to alpha-tubulin [Fasciola hepatica]  8.00E-92 cytoskeleton 
PL08003A1D07 -4.694876684 -17.18635828 0.001354425 
weak similarity to Tubulin alpha chain 
[Encephalitozoon cuniculi GB-M1] 2.00E-05 cytoskeleton 
PL06009B1G02 -3.398251206 -17.18403648 0.001354425 
similar to protein bicaudal C homolog 1-B 
[Xenopus laevis] 5.00E-54 RNA processing and modification 
Contig4032 -2.842881274 -17.28523076 0.001354425 
similar to viral A-type inclusion protein 
[Trichomonas vaginalis G3] 2.00E-08 unknown 
Contig6142 -2.544641711 -17.16062974 0.001354425 no hits   no hits 
Contig3936 -5.365411861 -16.97019133 0.001375652 
similar to hypothetical protein [Schistosoma 
japonicum] 1.00E-30 unknown 
PL08001A1A01 -5.092777824 -16.69118494 0.001380173 
similar to alpha-III tubulin [Homarus 
americanus] 5.00E-34 cytoskeleton 
Contig3794 -2.321074191 -16.72588439 0.001380173 
weak similarity to hypothetical protein 
BRAFLDRAFT_124306 [Branchiostoma 3.00E-04 unknown 
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ID logFC t adj.P.Val Putative Identity E-value COG terms 
floridae] 
Contig4315 -4.847866976 -16.52549742 0.001401945 
similar to chaperonin containing tcp1 [Haliotis 
discus discus] 6.00E-73 
Posttranslational modification, protein 
turnover, chaperones 
Contig5438 -2.514194949 -16.35660365 0.001429446 
similar to PREDICTED: similar to Im:7148063 
protein [Strongylocentrotus purpuratus] 4.00E-05 unknown 
PL06012A2B10 -2.099628198 -16.24549895 0.001429446 similar to pyruvate kinase [Salmo salar] 8.00E-37 Carbohydrate transport and metabolism 
PL08004B1H03 -5.298386305 -16.08491274 0.00145981 similar to Tcp1 protein [Danio rerio] 1.00E-51 
Posttranslational modification, protein 
turnover, chaperones 
PL06023B1A08 -2.699664319 -15.94948091 0.001479496 
similar to 6-phosphofructokinase [Schistosoma 
mansoni] 3.00E-58 Carbohydrate transport and metabolism 
Contig3131 -2.45794911 -15.71040209 0.001565016 no hits   no hits 
Contig3918 -2.466860139 -15.57978919 0.00158951 
similar to eukaryotic translation initiation 
factor 3, subunit C [Danio rerio] 2.00E-64 
Translation, ribosomal structure and 
biogenesis 
PL08008B1F01 -2.83041186 -15.03734935 0.00191249 
similar to mRNA Capping Enzyme Like family 
member (cel-1) [Caenorhabditis elegans] 1.00E-27 RNA processing and modification 
PL06004B1H03 -1.996398844 -14.91531215 0.001944602 
similar to calcineurin A subunit [Pinctada 
fucata] 9.00E-57 Signal transduction mechanisms 
PL06018B2A09 -6.005536177 -14.33102161 0.001966557 
similar to RNA-binding protein 9, isoform E 
[Drosophila melanogaster] 3.00E-60 RNA processing and modification 
PL06011A2A09 -4.597236365 -14.33679875 0.001966557 
similar to CCT-gamma protein [Drosophila 
melanogaster] 1.00E-08 
Posttranslational modification, protein 
turnover, chaperones 
Contig3340_WUSTL -4.461690508 -14.79640385 0.001966557 no hits   no hits 
PL08001B1C12 -4.155966849 -14.64702979 0.001966557 similar to MGC84531 protein [Xenopus laevis] 2.00E-18 unknown 
PL06011B2F03 -3.701796567 -14.41170491 0.001966557 
similar to phosphoglycerate kinase [Fasciola 
hepatica] 6.00E-43 Carbohydrate transport and metabolism 
PL06020A1E09 -2.890808628 -14.58796217 0.001966557 
similar to polyadenylate binding protein 
[Schistosoma mansoni] 4.00E-66 RNA processing and modification 
Contig5108 -2.021363286 -14.41147193 0.001966557 
weak similarity to hypothetical protein 
DDB_G0280017 [Dictyostelium discoideum 
AX4] 6.00E-05 unknown 
Contig6065 -1.830567154 -14.36955088 0.001966557 
similar to hypothetical protein 
TRIADDRAFT_33578 [Trichoplax adhaerens] 8.00E-05 unknown 
PL05004B2H05 -4.414388049 -14.15728667 0.002014691 similar to alpha-tubulin [Schmidtea polychroa]    1.00E-38 cytoskeleton 
PL06018A2A01 -3.015636103 -14.18118055 0.002014691 
similar to transcription factor E2F/dimerisation 
partner family protein [Dictyostelium 
discoideum AX4] 6.00E-06 Transcription 
Contig6395 -2.11117763 -14.09251639 0.002022098 
similar to RIB43A domain with coiled-coils 2 
[Xenopus (silurana) tropicalis] 3.00E-64 cytoskeleton 
Table 3.3 (cont.) 
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Contig4370 
-4.902689344 -13.88153318 0.002116486 
similar to Tubulin alpha-1 chain [Schistosoma 
japonicum] 9.00E-06 cytoskeleton 
PL06005A1G01 -3.935563043 -13.92454053 0.002116486 
similar to armadillo repeat containing 4 [Mus 
musculus] 4.00E-24 General function prediction only 
PL08002A1A02 -1.930371114 -13.68371957 0.002260124 
similar to cct8 protein [Xenopus (Silurana) 
tropicalis] 1.00E-40 
Posttranslational modification, protein 
turnover, chaperones 
H_8_7a_3 -2.386470641 -13.5954387 0.002299982 
axonemal dynein light chain p33 
[Strongylocentrotus purpuratus] 6.00E-11 cytoskeleton 
Contig5633 -2.984786182 -13.38574782 0.002476417 
similar to Tubulin, alpha family member (tba-
4) [Caenorhabditis elegans] 1.00E-73 cytoskeleton 
PL06022A2C11 -3.540798248 -13.29156595 0.00253156 
similar to alpha tubulin [Polysphondylium 
pallidum PN500] 4.00E-49 cytoskeleton 
Contig3963 -3.088713867 -13.24363623 0.002534626 
similar to triose phosphate isomerase [Dugesia 
japonica]    1.00E-21 Carbohydrate transport and metabolism 
Contig6343 -3.404530461 -13.1147505 0.002634642 
similar to acyl-CoA synthetase short-chain 
family member 3 isoform 1 [Mus musculus] 6.00E-80 Lipid transport and metabolism 
Contig2781 -2.395498586 -13.07375712 0.002634642 
similar to Shaw potassium channel [Panulirus 
interruptus] 4.00E-15 unknown 
PL08004B2A05 -3.633735422 -12.92455289 0.002689687 no hits   no hits 
PL06004A1C12 -3.579091782 -12.9071315 0.002689687 similar to Kinesin light chain [Gallus gallus] 2.00E-40 cytoskeleton 
PL06010A1D07 -3.289028774 -12.96660106 0.002689687 
similar to lymphocyte cytosolic protein 1 (I-
plastin) [Mus musculus] 3.00E-27 cytoskeleton 
Contig2962 -4.446872011 -12.71069622 0.002900944 no hits   no hits 
Contig5007 -5.114700681 -12.65388405 0.002927694 similar to beta-tubulin [Fasciola hepatica]    0 cytoskeleton 
PL030016A10H04 -2.303040711 -12.56844837 0.002997599 no hits   no hits 
PL03018B1G02 -4.878016051 -12.44451154 0.003031459 
similar to protein phosphatase 1, catalytic 
subunit, alpha [Mus musculus] 3.00E-90 Signal transduction mechanisms 
PL08001A1F12 -3.286615727 -12.4433279 0.003031459 no hits   no hits 
Contig5465 -2.736086991 -12.43928433 0.003031459 
similar to S5a 26s proteasome [Schistosoma 
mansoni] 1.00E-62 
Posttranslational modification, protein 
turnover, chaperones 
Contig3830 -3.301374321 -12.28845558 0.003212574 no hits   no hits 
Contig6518 -3.667728323 -12.08680119 0.003471141 no hits   no hits 
PL06005A2H02 -3.429203141 -12.04966915 0.003471141 
similar to Leucine rich repeat containing 40 
[Danio rerio] 1.00E-30 General function prediction only 
Contig4147 -2.241137438 -12.03794254 0.003471141 no hits   no hits 
PL06011A2G07 -4.393977981 -11.7870701 0.003826975 
similar to triosephosphate isomerase [Dugesia 
japonica] 6.00E-15 Carbohydrate transport and metabolism 
PL06004A1A01 -3.878416752 -11.79916463 0.003826975 
similar to TuBulin, Alpha family member (tba-
1) [Caenorhabditis elegans] 2.00E-69 cytoskeleton 
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Contig1281 -5.831212087 -11.69653935 0.003834626 
similar to fructose 16-bisphosphate aldolase 
[Schistosoma mansoni]  3.00E-141 Carbohydrate transport and metabolism 
Contig4499 -3.176131202 -11.74430441 0.003834626 similar to plastin 3 (T isoform) [Gallus gallus] 1.00E-24 cytoskeleton 
Contig6439 -1.618747649 -11.69941471 0.003834626 no hits   no hits 
Contig6429 -4.597964574 -11.64425008 0.003883905 
similar to tubulin alpha [Lubomirskia 
baicalensis]  6.00E-33 cytoskeleton 
PL030015A20A11 -2.866205794 -11.60423634 0.003909745 
similar to heat shock protein 90kDa beta 
(Grp94), member 1 [Coturnix japonica] 6.00E-39 
Posttranslational modification, protein 
turnover, chaperones 
Contig3959 -2.179010614 -11.54273454 0.003981766 no hits   no hits 
PL08006B2E03 -2.745695436 -11.46964698 0.004081626 
similar to camp-specific 3,5-cyclic 
phosphodiesterase [Aedes aegypti] 9.00E-33 Signal transduction mechanisms 
Contig4338 -4.460263222 -11.35393999 0.004224576 
similar to tubulin alpha chain [Heterocapsa 
rotundata] 4.00E-65 cytoskeleton 
Contig4734 -3.759226533 -11.36090171 0.004224576 similar to alpha1 tubulin [Coprinopsis cinerea] 3.00E-42 cytoskeleton 
PL06021B1D08 -5.382902498 -11.27854594 0.004228189 
similar to ELAV (embryonic lethal, abnormal 
vision)-like 2 (Hu antigen B) [Xenopus 
(silurana) tropicalis] 4.00E-66 RNA processing and modification 
Contig3836 -4.033281517 -11.29127848 0.004228189 
similar to Heterogeneous nuclear 
ribonucleoprotein A2 homolog 1 [Schistosoma 
japonicum] 3.00E-80 RNA processing and modification 
PL05008B1A11 -1.640200106 -11.30370299 0.004228189 
similar to alpha-tubulin [Cyanidioschyzon 
merolae strain 10D] 4.00E-11 cytoskeleton 
Contig143 -3.097523996 -11.21900431 0.004310724 similar to alpha-tubulin [Dugesia ryukyuensis] 3.00E-84 cytoskeleton 
Contig5990 -4.29311 -11.06097023 0.004581896 
similar to creatine kinase [Schistosoma 
mansoni] 0.00E+00 Energy production and conversion 
PL06013A1G01 -3.744225806 -11.08103028 0.004581896 
similar to PREDICTED: similar to CG34457 
CG34457-PA [Ciona intestinalis] 4.00E-19 unknown 
Contig1152 -5.120945044 -11.01496504 0.004641474 no hits   no hits 
PL08003B2H02 -3.480634477 -10.95580929 0.004737407 
similar to predicted protein [Nematostella 
vectensis] 1.00E-22 unknown 
PL030016A20E05 -4.556954311 -10.91159735 0.004739625 
similar to tubulin, alpha 1 [Schistosoma 
japonicum] 2.00E-39 cytoskeleton 
Contig5850 -3.379703294 -10.91634621 0.004739625 no hits   no hits 
Contig7466 -2.406923854 -10.84517658 0.004860787 
similar to Eukaryotic translation initiation 
factor 4E [Salmo salar] 8.00E-37 
Translation, ribosomal structure and 
biogenesis 
Contig5941 -1.612326969 -10.81497186 0.00488629 
similar to heat shock protein 108 [Alligator 
mississippiensis] 4.00E-75 
Posttranslational modification, protein 
turnover, chaperones 
Contig3817 -3.355403294 -10.75852845 0.004985946 similar to tektin [Schistosoma mansoni] 6.00E-76 cytoskeleton 
Contig5455 -6.756446664 -10.64034214 0.005270735 similar to Y1 protein [Dugesia etrusca] 1.00E-87 unknown 
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Contig4330 -5.608038857 -10.49658741 0.005479468 similar to Tubulin, beta 4 [Fasciola hepatica] 0.00E+00 cytoskeleton 
Contig4592 -3.710085785 -10.49500968 0.005479468 
similar to BTB and MATH domain containing 
family member (bath-1) [Caenorhabditis 
elegans] 6.00E-08 unknown 
Contig585 -2.79341043 -10.52663453 0.005479468 no hits   no hits 
Contig1497_WUSTL -1.428164304 -10.52945749 0.005479468 no hits   no hits 
Contig1107_WUSTL -3.640877235 -10.38040173 0.005770478 similar to hexokinase [Schistosoma mansoni] 4.00E-57 Carbohydrate transport and metabolism 
Contig1880 -1.497838018 -10.36867649 0.005770478 
similar to 26S proteasome regulatory subunit 
T4 [Schistosoma japonicum 3.00E-111 
Posttranslational modification, protein 
turnover, chaperones 
PL06020B2H12 -2.202948635 -10.33914381 0.005809028 no hits   no hits 
Contig4074 -5.11698604 -10.21023298 0.006137131 similar to alpha-tubulin [Schmidtea polychroa]  7.00E-92 cytoskeleton 
Contig4441 -1.312138951 -10.22277642 0.006137131 no hits   no hits 
Contig6028 -2.361366803 -10.11399915 0.006325486 
similar to SJCHGC03760 protein [Schistosoma 
japonicum] 4.00E-11 unknown 
Contig5304 -2.201043641 -10.12837235 0.006325486 no hits   no hits 
Contig5101 -1.663047754 -10.10803627 0.006325486 
similar to heat shock protein 40A [Venerupis 
philippinarum] 3.00E-106 
Posttranslational modification, protein 
turnover, chaperones 
PL06012A2H04 -3.546432977 -10.0702173 0.006334302 
similar to PREDICTED: similar to limkain b1 
[Apis mellifera] 1.00E-27 unknown 
Contig3642 -2.684700485 -10.02422517 0.006334302 no hits   no hits 
Contig6552 -2.672037447 -10.0676116 0.006334302 
weak similarity to hypothetical protein 
[Schistosoma mansoni] 8.00E-04 unknown 
Contig4691 -2.411738144 -10.05571386 0.006334302 no hits   no hits 
PL06011A1C11 -1.988719508 -10.03079919 0.006334302 
similar to Muscle glycogen phosphorylase 
[Rattus norvegicus] 3.00E-84 Carbohydrate transport and metabolism 
Contig5831 -1.622196398 -9.996683829 0.006379398 
similar to Serine/threonine specific protein 
phosphatase PP1, catalytic subunit (ISS) 
[Ostreococcus tauri] 1.00E-35 Signal transduction mechanisms 
PL06022B2C01 -4.872119643 -9.833848256 0.006664811 
similar to tubulin subunit beta [Schistosoma 
mansoni] 2.00E-108 cytoskeleton 
Contig81 -4.45527375 -9.863579164 0.006664811 no hits   no hits 
PL08004B1C07 -2.95890111 -9.840718565 0.006664811 
similar to alpha-tubulin at 84D, isoform A 
[Drosophila melanogaster] 3.00E-62 cytoskeleton 
Contig3055 -2.722901997 -9.902952731 0.006664811 no hits   no hits 
Contig4100 -1.77113971 -9.837541572 0.006664811 
similar to serine/threonine protein phosphatase 
[Cryptosporidium muris RN66] 2.00E-129 Signal transduction mechanisms 
Contig5702 -1.498202545 -9.842638799 0.006664811 
similar to hypothetical protein [Schistosoma 
japonicum] 1.00E-26 unknown 
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PL06021A2E10 -4.055805496 -9.789715031 0.006776749 similar to alpha-tubulin [Schmidtea polychroa] 5.00E-84 cytoskeleton 
gnl|ti|1389002586_W
USTL -3.769404233 -9.777798745 0.006776749 similar to hexokinase [Schistosoma mansoni] 2.00E-19 Carbohydrate transport and metabolism 
PL04005B1A02 -3.697226014 -9.693234053 0.006839672 
similar to Tubulin beta-2C chain [Schistosoma 
japonicum] 5.00E-92 cytoskeleton 
PL06016B2H07 -3.155536314 -9.696565855 0.006839672 
similar to tektin 3 [Xenopus (silurana) 
tropicalis] 1.00E-15 cytoskeleton 
Contig4521 -2.873436353 -9.703649278 0.006839672 similar to kinesin light chain 2 [Danio rerio] 1.00E-09 cytoskeleton 
PL06023B1D02 -2.238195557 -9.706539363 0.006839672 similar to alpha-tubulin [Brugia malayi] 4.00E-36 cytoskeleton 
PL06005A1F08 -1.824395413 -9.704151743 0.006839672 
similar to DNA2 DNA replication helicase 2-
like [Gallus gallus] 2.00E-24 Replication, recombination and repair 
Contig3666 -3.37190395 -9.667331847 0.006892483 
similar to malate dehydrogenase [Naegleria 
gruberi] 1.00E-42 Energy production and conversion 
Contig4427 -1.535588574 -9.613342391 0.007069079 
similar to conserved Plasmodium protein 
[Plasmodium falciparum 3D7] 3.00E-05 unknown 
Contig4510 -1.795081174 -9.594883831 0.007092408 similar to unknown [Schistosoma japonicum] 1.00E-23 unknown 
Contig3496 -4.163093142 -9.524411514 0.00724975 
similar to tubulin subunit beta [Schistosoma 
mansoni] 9.00E-78 cytoskeleton 
PL06013A2E08 -2.833646781 -9.521150534 0.00724975 no hits   no hits 
Contig4434 -2.040312682 -9.540890805 0.00724975 
similar to calmodulin-dependent protein kinase 
[Rattus norvegicus] 5.00E-39 Signal transduction mechanisms 
Contig4780 -1.937292858 -9.436345557 0.007588011 
similar to Viral A-type inclusion protein 
repeat, putative [Entamoeba histolytica HM-
1:IMSS] 5.00E-08 unknown 
Contig4773 -1.233742508 -9.385902414 0.007773582 no hits   no hits 
Contig3922 -2.656240304 -9.34069916 0.007938727 no hits   no hits 
PL06004A1A12 -2.822778537 -9.284341134 0.008167246 no hits   no hits 
Contig5334 -1.506843697 -9.250755201 0.008281726 
similar to discs overgrown protein kinase 
[Culex quinquefasciatus] 4.00E-26 Signal transduction mechanisms 
PL06004B1B10 -2.945412156 -9.185504765 0.008573121 similar to alpha-tubulin [Schmidtea polychroa] 1.00E-61 cytoskeleton 
PL06017A1F10 -1.696349372 -9.137958718 0.008775598 no hits   no hits 
Contig1343 -3.810982949 -9.118274538 0.008822289 
similar to shippo-1-related [Schstosoma 
japonica] 8.00E-29 cytoskeleton 
PL06013A1A03 -3.56731362 -9.073291032 0.009018303 
similar to cysteine and histidine-rich protein 1 
[Danio rerio] 6.00E-20 unknown 
Contig6239 -4.341024114 -9.043202988 0.009130324 
similar to SJCHGC02082 protein [Schistosoma 
japonicum] 4.00E-06 unknown 
Contig1349 -1.136969393 -9.00163482 0.009315157 
similar to spermatogenesis-associated 6[Gallus 
gallus] 3.00E-08 unknown 
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Contig5607 -3.856519302 -8.93776833 0.009647168 no hits   no hits 
PL08009A1H09 -3.742192086 -8.828775862 0.010301329 similar to beta-tubulin [Bombyx mori] 3.00E-55 cytoskeleton 
PL030002A10C06 -1.620014659 -8.753359279 0.010761135 no hits   no hits 
Contig1687 -5.010010477 -8.738204794 0.010784786 
similar to carbonic anhydrase II [Schistosoma 
mansoni] 1.00E-48 General function prediction only 
Contig3193 -1.515078373 -8.729053893 0.010784786 no hits   no hits 
PL06020B1B12 -2.41433751 -8.680522422 0.011068434 no hits   no hits 
Contig463 -1.891375917 -8.631072078 0.011369081 no hits   no hits 
Contig2788 -3.033931656 -8.585867311 0.011646314 no hits   no hits 
Contig5361 -3.190123208 -8.56779222 0.011686248 similar to Elav [Platynereis dumerilii] 5.00E-103 RNA processing and modification 
Contig3267 -1.818892261 -8.560899215 0.011686248 
similar to PREDICTED: hypothetical protein 
[Strongylocentrotus purpuratus] 3.00E-16 unknown 
Contig4262 -4.306545666 -8.541039212 0.011687643 similar to beta-tubulin [Dirofilaria immitis] 1.00E-126 cytoskeleton 
Contig1310 -1.276983258 -8.541347776 0.011687643 
similar to cAMP-dependent protein kinase R2, 
isoform D [Drosophila melanogaster] 1.00E-37 Signal transduction mechanisms 
Contig4229 -3.895874898 -8.498485007 0.011956792 
similar to four and a half lim domains 
[Schistosoma mansoni] 0.00E+00 unknown 
Contig1744 -1.936422545 -8.423466257 0.012515008 no hits   no hits 
PL030002A10A02 -1.74277085 -8.401288115 0.012626876 no hits   no hits 
Contig590 -3.350886848 -8.356790051 0.012942537 similar to hexokinase [Schistosoma mansoni] 6.00E-37 Carbohydrate transport and metabolism 
Contig5851 -1.687958104 -8.345813719 0.012957862 
similar to glutamate receptor Gr1 [Bombyx 
mori] 3.00E-25 unknown 
Contig4015 -2.821366326 -8.297176923 0.013324345 
similar to heat shock protein 70 [Fasciola 
hepatica] 0 
Posttranslational modification, protein 
turnover, chaperones 
Contig4801 -2.494965803 -8.279140876 0.013408949 
similar to poly A binding protein [Bombyx 
mori] 7.00E-24 RNA processing and modification 
PL06009B1D06 -5.292763107 -8.22728795 0.01376134 similar to tubulin beta-4 [Fasciola hepatica] 7.00E-97 cytoskeleton 
Contig1552 -1.692067711 -8.224735428 0.01376134 no hits   no hits 
PL06022A1E03 -3.063507681 -8.167722209 0.014169805 
similar to solute carrier family 6, member 5 
[Branchiostoma floridae] 3.00E-32 Amino acid transport and metabolism 
Contig282 -1.322641809 -8.166255126 0.014169805 
similar to nuclear factor Y transcription factor 
subunit B homolog [Schistosoma mansoni] 2.00E-28 Transcription 
PL04022B1A12 -3.332050065 -8.143798387 0.014288173 similar to tubulin alpha-3 [Fasciola hepatica] 7.00E-33 cytoskeleton 
Contig3844 -3.302249198 -8.127690726 0.014288173 
similar to transmembrane protein 86A [Danio 
rerio] 1.00E-15 unknown 
PL06011B2C12 -2.873441782 -8.119535882 0.014288173 no hits   no hits 
Contig6358 -2.506277125 -8.10723884 0.014288173 no hits   no hits 
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PL06009A2B12 
-1.63525515 -8.12411123 0.014288173 
similar to cytosolic purine 5-nucleotidase 
[Schistosoma mansoni] 6.00E-40 Nucleotide transport and metabolism 
Contig7424 -1.158966894 -8.103355843 0.014288173 
similar to TuBulin, Alpha family member (tba-
4) [Caenorhabditis elegans] 1.00E-37 cytoskeleton 
Contig2534 -4.244794557 -8.087000163 0.014371307 no hits   no hits 
Contig5342 -1.381489566 -8.051663959 0.014656518 similar to 14-3-3 protein [Trichinella spiralis] 2.00E-49 
Posttranslational modification, protein 
turnover, chaperones 
Contig2605 -2.266976698 -8.03944404 0.014699448 no hits   no hits 
Contig6023 -1.111870745 -8.018359138 0.014838868 similar to Brg1 [Xenopus laevis] 6.00E-98 Chromatin structure and dynamics 
PL08009B1E11 -1.599382447 -7.992681318 0.015031081 no hits   no hits 
PL08001B1F07 -3.081502564 -7.961596962 0.015287644 similar to alpha-tubulin [Dugesia ryukyuensis] 4.00E-14 cytoskeleton 
Contig4731 -1.349345824 -7.952878638 0.015296429 
similar to dynein light chain [Schistosoma 
mansoni] 4.00E-14 cytoskeleton 
PL06017A2A06 -2.109371336 -7.914254289 0.015646871 no hits   no hits 
Contig265 -2.955837429 -7.871330292 0.016058845 
similar to cytokinesis-related protein 
[Chlamydomonas reinhardtii] 7.00E-06 cytoskeleton 
Contig847 -5.670032774 -7.844831851 0.016284333 
similar to Tubulin alpha-1C chain 
[Lepeophtheirus salmonis] 8.00E-109 cytoskeleton 
Contig5845 -1.681812416 -7.800925525 0.016730399 
similar to cysteine-rich secretory protein LCCL 
domain-containing 2 precursor [Bos taurus] 2.00E-28 unknown 
Contig1023 -4.898900178 -7.793227498 0.016731857 no hits   no hits 
PL030014A20D06 -2.374627 -7.744405521 0.017258025 no hits   no hits 
Contig4770 -2.494699478 -7.736140519 0.017268593 
similar to viral A-type inclusion protein 
[Trichomonas vaginalis G3] 5.00E-07 unknown 
Contig881 -1.772875479 -7.659111661 0.018201477 no hits   no hits 
Contig5026 -1.741204858 -7.651321679 0.018208232 no hits   no hits 
Contig3384 -3.847202245 -7.637424345 0.018300387 
similar to ATP-dependent Clp protease ATP-
binding subunit clpX-like, mitochondrial 
precursor [Salmo salar] 7.00E-60 
Posttranslational modification, protein 
turnover, chaperones 
Contig2495 -2.607328381 -7.627543748 0.018337696 no hits   no hits 
Contig6234 -1.995372748 -7.58237569 0.018877513 
similar to Protein kinase domain containing 
protein [Tetrahymena thermophila] 3.00E-08 Signal transduction mechanisms 
Contig6380 -3.41597525 -7.543020239 0.019350478 
similar to malate dehydrogenase [Schistosoma 
mansoni] 1.00E-104 Energy production and conversion 
PL030013B10B06 -2.934644278 -7.513526332 0.019582896 similar to alpha-tubulin [Schmidtea polychroa] 1.00E-40 cytoskeleton 
PL06020A2D07 -1.031306516 -7.518328295 0.019582896 
similar to kinesin-like protein KIF23 (mitotic 
kinesin-like protein 1) (kinesin-like protein 5) 
[Aedes aegypti] 1.00E-18 cytoskeleton 
Contig5835 -2.300916825 -7.499256483 0.019694285 no hits   no hits 
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Contig4987 
-4.58457004 -7.478073753 0.019864097 
similar to P25 alpha-related [Schistosoma 
mansoni] 4.00E-56 unknown 
Contig4811 -2.310435021 -7.474456534 0.019864097 
similar to hypothetical protein 
[Cryptosporidium hominis TU502] 5.00E-05 unknown 
PL06020B1E02 -1.720653917 -7.463909041 0.019922154 no hits   no hits 
PL06019A1C09 -1.477781196 -7.41585334 0.02050437 
similar to kinesin heavy chain 1 [Aplysia 
californica] 3.00E-29 cytoskeleton 
Contig4205 -1.415442974 -7.413429421 0.02050437 no hits   no hits 
Contig7720 -0.987360856 -7.396143804 0.020675537 no hits   no hits 
Contig4559 -3.357682176 -7.351733029 0.021296964 no hits   no hits 
Contig2906 -2.450098357 -7.30203097 0.022033162 no hits   no hits 
PL08008A2G05 -2.619266891 -7.29058186 0.022120329 similar to fimbrin 2 [Arabidopsis thaliana] 6.00E-07 cytoskeleton 
PL06009A2D07 -2.453668378 -7.281388999 0.02216908 
similar to ocrl type II inositol 5-phosphatase 
[Schistosoma mansoni] 3.00E-14 
Intracellular trafficking, secretion, and 
vesicular transport 
Contig6058 -2.749563915 -7.257349121 0.022369119 similar to enolase [Echinostoma caproni]  4.00E-159 Carbohydrate transport and metabolism 
Contig2455 -1.621260062 -7.259190785 0.022369119 no hits   no hits 
PL06010A1E04 -2.922562809 -7.231897304 0.022712167 
similar to nalp (nacht leucine rich repeat and 
pyrin domain containing)-related [Schistosoma 
mansoni] 3.00E-32 unknown 
PL03019B1H06 -2.012461104 -7.223213399 0.022756381 no hits   no hits 
Contig6230 -3.657334675 -7.180921582 0.022968722 no hits   no hits 
PL06017B1C11 -2.743051158 -7.18018184 0.022968722 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-50 unknown 
PL05013A2G03 -2.652227746 -7.195715676 0.022968722 similar to CDC14 homolog A [Danio rerio] 9.00E-17 
Cell cycle control, cell division, 
chromosome partitioning 
gnl|ti|1314596667_W
USTL -1.457610056 -7.174894846 0.022968722 
similar to dynein, axonemal, heavy polypeptide 
5 [Homo sapiens] 1.00E-53 cytoskeleton 
gnl|ti|1450467405_W
USTL -1.288587148 -7.18396026 0.022968722 
similar to zinc finger protein [Schistosoma 
mansoni] 4.00E-08 unknown 
Contig5726 -1.060758342 -7.198367128 0.022968722 no hits   no hits 
PL06012A2A09 -2.230901554 -7.152384661 0.023274819 
similar to hypothetical protein [Schistosoma 
mansoni] 5.00E-70 unknown 
Contig6098 -2.92043924 -7.140255626 0.023390627 no hits   no hits 
Contig176 -1.395623075 -7.119213373 0.023677097 
similar to dynein, light chain, LC8-type 2, 
isoform CRA_a [Homo sapiens] 2.00E-43 cytoskeleton 
Contig709 -2.629984517 -7.097872786 0.023974352 
similar to PREDICTED: hypothetical protein 
[Strongylocentrotus purpuratus] 1.00E-20 unknown 
PL06020B1C06 -1.444916251 -7.068031748 0.024444522 similar to plastin 1 (I isoform) [Bos taurus] 9.00E-16 cytoskeleton 
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PL06021A2B05 
-1.21619732 -7.048292532 0.024722829 
similar to thyroid hormone receptor interactor 
13 [Rattus norvegicus] 1.00E-52 Transcription 
Contig1900 -1.585504541 -7.013461684 0.025314925 
similar to Proteasome activator pa28 beta 
subunit family protein [Brugia malayi] 1.00E-23 
Posttranslational modification, protein 
turnover, chaperones 
PL08004A1B12 -1.980151061 -6.976228395 0.025975703 
similar to Chaperonin containing t-complex 
protein 1 gamma subunit tcpg [Schstosoma 
mansoni] 2.00E-59 
Posttranslational modification, protein 
turnover, chaperones 
PL030014B20H01 -2.450363862 -6.951469085 0.026265002 
similar to Tubulin alpha-1C chain 
[Lepeophtheirus salmonis] 1.00E-42 cytoskeleton 
Contig4367 -2.354074196 -6.956711008 0.026265002 
similar to WW domain-binding protein 2 
[Schistosoma japonicum] 2.00E-27 unknown 
Contig6684 -2.357234342 -6.937836417 0.026319302 no hits   no hits 
PL08002B1H07 -0.873213723 -6.940709452 0.026319302 no hits   no hits 
Contig2134 -2.589297478 -6.91367171 0.026368653 
similar to transmembrane BAX inhibitor motif 
containing 6 [Mus musculus] 7.00E-37 Defense mechanism 
Contig488 -2.320849571 -6.92138813 0.026368653 no hits   no hits 
PL08006B2F01 -1.421753888 -6.918193976 0.026368653 
similar to UBX domain containing protein 
[Brugia malayi] 3.00E-09 unknown 
Contig6761 -1.288808499 -6.929958708 0.026368653 
similar to cAMP-dependent protein kinase, 
catalytic subunit 4-2 [Paramecium tetraurelia] 1.00E-12 Signal transduction mechanisms 
Contig224 -2.078160022 -6.891131622 0.026744421 
similar to kinesin heavy chain, putative 
[Ricinus communis] 1.00E-16 cytoskeleton 
Contig2472 -1.397661583 -6.854588539 0.027444245 
similar to SJCHGC02082 protein [Schistosoma 
japonicum] 4.00E-12 unknown 
PL06004B2D07 -2.931845018 -6.836617711 0.027681604 
weak similarity to hypothetical protein 
[Theileria parva strain Muguga] 2.00E-04 unknown 
HB_21_12e_-2 1.079496799 6.833622177 0.027681604 
cystathionine beta-lyase [Culex 
quinquefasciatus] 5.00E-20 Amino acid transport and metabolism 
PL06020B1H10 -0.912168594 -6.817143797 0.027941535 
weak similarity to hypothetical protein 
TTHERM_00442640 [Tetrahymena 
thermophila] 1.00E-03 unknown 
PL05005B1B09 -3.280670354 -6.787515231 0.028393442 
similar to Tubulin, alpha family member (tba-
9)  [Caenorhabditis elegans] 5.00E-10 cytoskeleton 
Contig5005 -1.094424895 -6.788148738 0.028393442 
similar to predicted protein [Trichoplax 
adhaerens] 1.00E-18 unknown 
Contig5230 -1.857384483 -6.734953575 0.029545674 
similar to glutamine synthetase [Enchytraeus 
japonensis] 3.00E-142 Amino acid transport and metabolism 
PL08001A2H03 -1.187359105 -6.729655326 0.029550375 no hits   no hits 
PL08001A2A09 -1.071588435 -6.707906754 0.02996863 no hits   no hits 
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Contig5071 
-1.450067594 -6.702250194 0.029983996 
weak similarity to hypothetical protein 
TTHERM_00145290 [Tetrahymena 
thermophila] 5.00E-04 unknown 
Contig1424 -2.197839928 -6.674994482 0.030553505 no hits   no hits 
gnl|ti|1374062647_W
USTL -0.91889738 -6.641024554 0.031315008 
similar to hypothetical protein [Schistosoma 
mansoni] 5.00E-13 unknown 
Contig3135 -2.396231657 -6.625723983 0.031592427 
similar to kinesin motor protein-related 
[Arabidopsis thaliana] 1.00E-25 cytoskeleton 
PL08003B1E09 -1.912667749 -6.568916545 0.033026481 
similar to calmodulin-dependent protein kinase 
[Colletotrichum gloeosporioides] 1.00E-06 Signal transduction mechanisms 
PL08007A2H10 -1.29074251 -6.530285759 0.033999995 no hits   no hits 
Contig6651 -2.255167131 -6.502392407 0.034316454 no hits   no hits 
PL06002X1E08 -2.086509667 -6.503360524 0.034316454 no hits   no hits 
Contig5563 -1.41200529 -6.510575687 0.034316454 no hits   no hits 
PL06015A1G04 -1.020981144 -6.500417568 0.034316454 
similar to NYD-SP14-like protein [Crassostrea 
gigas] 1.00E-08 unknown 
Contig7172 -5.728747957 -6.493705045 0.034363344 
similar to Phosphoenolpyruvate carboxykinase, 
cytosolic [Salmo salsar] 4.00E-74 Energy production and conversion 
Contig1932 -1.441360563 -6.489410407 0.034363344 
similar to PREDICTED: similar to 
ENSANGP00000028986 [Strongylocentrotus 
purpuratus] 9.00E-06 unknown 
Contig6619 -0.90262026 -6.438986825 0.035756947 
similar to enhancer of yellow 2 homolog 
(Drosophila), isoform CRA_b [Homo sapiens] 6.00E-21 Transcription 
Contig6644 -1.584564783 -6.407945013 0.036591152 no hits   no hits 
Contig3930 -1.354686815 -6.39630328 0.036817473 
similar to serine/threonine protein phosphatase 
alpha-3 isoform [Plasmodium yoelii yoelii str. 
17XNL] 6.00E-79 Signal transduction mechanisms 
Contig5229 -2.973285326 -6.370324903 0.037507747 
similar to n-acetyltransferase mak3 
[Schistosoma mansoni] 6.00E-19 General function prediction only 
Contig2459 -2.53709233 -6.361497433 0.037507747 no hits   no hits 
Contig5754 -2.505285524 -6.3632982 0.037507747 no hits   no hits 
PL08009A2C02 -2.703284543 -6.350064901 0.037608187 
weak similarity to solute carrier family 6 
(neurotransmitter transporter, glycine), 
member 5 [Schistosoma japonicum] 1.00E-05 Amino acid transport and metabolism 
PL05007A2G11 -1.275415951 -6.346040751 0.037608187 
similar to PREDICTED: similar to Potassium 
voltage-gated channel protein Shaw (Shaw2) 
[Nasonia vitripennis] 5.00E-20 unknown 
Contig5975 -1.239793542 -6.345018897 0.037608187 no hits   no hits 
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PL08007A1A01 
-2.118038233 -6.327930053 0.037735534 
similar to tektin 3 [Xenopus (Silurana) 
tropicalis] 3.00E-42 cytoskeleton 
Contig7215 -1.358596 -6.331088911 0.037735534 no hits   no hits 
PL08003A1D02 -0.820266381 -6.335574612 0.037735534 
similar to cytosolic 5'-nucleotidase II 
[Schistosoma japonicum] 1.00E-22 Nucleotide transport and metabolism 
Contig7447 -0.820777897 -6.307474421 0.038275933 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-10 unknown 
PL030017B10E11 -5.9644228 -6.294474152 0.038570442 
similar to phosphoenolpyruvate carboxykinase 
[Litopenaeus vannamei] 5.00E-50 Energy production and conversion 
Contig99_WUSTL -0.798021933 -6.277942836 0.038990602 
similar to DNA repair and recombination 
protein rad54-related [Schistosoma mansoni] 9.00E-65 Replication, recombination and repair 
Contig4999 -1.844841031 -6.251050115 0.039782582 no hits   no hits 
Contig6123 -1.519468732 -6.244319449 0.039847512 
similar to glyceraldehyde-3-phosphate 
dehydrogenase [Coccidioides posadasii] 2.00E-104 Carbohydrate transport and metabolism 
Contig5208 -1.407937514 -6.240695813 0.039847512 
similar to protein phosphatase 1 delta [Rattus 
norvegicus] 2.00E-81 Signal transduction mechanisms 
Contig4791 -1.445153005 -6.228001858 0.04013832 no hits   no hits 
Contig4009 0.877126356 6.224108781 0.04013832 no hits   no hits 
Contig5924 -1.368085941 -6.214631999 0.040328525 
similar to calcium/ calmodulin-dependent 
protein kinase 1 [Glossina morsitans 
morsitans] 4.00E-61 Signal transduction mechanisms 
PL06004A2F07 -0.974361214 -6.208633095 0.040394498 no hits   no hits 
PL08004B1E04 -1.747348888 -6.193787031 0.040700139 
similar to pyruvate kinase [Schistosoma 
mansoni] 7.00E-31 Carbohydrate transport and metabolism 
Contig1446 -0.899185551 -6.187821986 0.040700139 similar to 14-3-3 protein beta [Bos taurus] 9.00E-81 
Posttranslational modification, protein 
turnover, chaperones 
H_35_7c_1 0.891678959 6.18926365 0.040700139 no hits   no hits 
PL06008B1D11 -1.488235994 -6.174168213 0.040900941 no hits   no hits 
Contig4871 -1.459479329 -6.176092594 0.040900941 
similar to mannosyl phosphorylinositol 
ceramide synthase SUR1 [Uncinocarpus reesii 
1704] 1.00E-11 Lipid transport and metabolism 
Contig5494 -0.959764441 -6.113829188 0.043033796 
similar to calcium-dependent protein kinase 
[Babesia rodhaini] 4.00E-49 Signal transduction mechanisms 
gnl|ti|1389002978_W
USTL -0.846375173 -6.064017856 0.044863673 
similar to hypothetical protein [Schistosoma 
mansoni] 3.00E-10 unknown 
PL06012A1A10 -2.345472868 -6.038304961 0.045598148 
similar to alpha tubulin a1 [Mesenchytraeus 
solifugus] 5.00E-66 cytoskeleton 
Contig4708 -0.902882019 -6.039129551 0.045598148 no hits   no hits 
Contig1166 -1.712529221 -6.030580093 0.045756487 no hits   no hits 
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Table 3.4. Cluster of Ortholog Groups (COG) Terms Associated with Top Hits from Juvenile Sexual nanos(RNAi) vs. Control 
microarrays. 
Functional Category Number of Genes 
No homology 83 
Cytoskeleton 58 
Conserved with unknown function 51 
Posttranslational modification, protein turnover, chaperones 18 
Signal transduction mechanisms 15 
Carbohydrate transport and metabolism 14 
RNA processing and modification 9 
Energy production and conversion 5 
Amino acid transport and metabolism 4 
General function prediction only 4 
Transcription 4 
Intracellular trafficking, secretion, and vesicular transport 2 
Lipid transport and metabolism 2 
Nucleotide transport and metabolism 2 
Replication, recombination and repair 2 
Translation, ribosomal structure and biogenesis 2 
Cell cycle control, cell division, chromosome partitioning 1 
Chromatin structure and dynamics 1 
Defense mechanism 1 
Subtotal 278 
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Table 3.5. Genes Analyzed Using RNAi. 
ID Putative Identity E-value COG terms 
Contig6300 
similar to glyceraldehyde-3-phosphate dehydrogenase 
[Pilobolus crystallinus] 
8.00E-
133 
Carbohydrate transport and 
metabolism 
Contig4229 
similar to four and a half lim domains [Schistosoma 
mansoni] 0.00E+00 unknown 
PL06011A2G07 similar to triosephosphate isomerase [Dugesia japonica] 6.00E-15 
Carbohydrate transport and 
metabolism 
Contig3869 similar to adhesion regulating molecule 1b [Danio rerio] 1.00E-37 unknown 
PL05004B2H05 similar to alpha-tubulin [Schmidtea polychroa]    1.00E-38 Cytoskeleton 
PL06020A2G07 
similar to mRNA capping enzyme, C-terminal domain 
containing protein [Apis mellifera] 1.00E-17 
RNA processing and 
modification 
Contig5007 similar to beta-tubulin [Fasciola hepatica]    0 Cytoskeleton 
Contig4332 similar to hypothetical protein [Schistosoma mansoni] 3.00E-65 unknown 
PL06009B1G02 
similar to protein bicaudal C homolog 1-B [Xenopus 
laevis] 5.00E-54 
RNA processing and 
modification 
PL06003X1F08 no hits   no hits 
Contig3340_WUSTL no hits   no hits 
Contig3666 similar to malate dehydrogenase [Naegleria gruberi] 1.00E-42 
Energy production and 
conversion 
Contig143 similar to alpha-tubulin [Dugesia ryukyuensis] 3.00E-84 Cytoskeleton 
Contig4966 similar to LIM homeobox 5 [Xenopus tropicalis] 1.00E-06 unknown 
Contig1343 similar to shippo-1-related [Schistosoma mansoni] 8.00E-29 unknown 
PL06021B1D08 
similar to ELAV (embryonic lethal, abnormal vision)-
like 2 (Hu antigen B) [Xenopus (silurana) tropicalis] 4.00E-66 
RNA processing and 
modification 
PL06013A1G01 
similar to PREDICTED: similar to CG34457 CG34457-
PA [Ciona intestinalis] 4.00E-19 unknown 
Contig4037 similar to rap55 [Aedes aegypti] 1.00E-12 
Intracellular trafficking, 
secretion, and vesicular 
transport 
Contig5455 similar to Y1 protein [Dugesia etrusca] 1.00E-87 unknown 
Contig6395 
similar to RIB43A domain with coiled-coils 2 [Xenopus 
(silurana) tropicalis] 3.00E-64 unknown 
93 
ID Putative Identity E-value COG terms 
PL08008B1F01 similar to mRNA Capping Enzyme Like family member 
(cel-1) [Caenorhabditis elegans] 1.00E-27 
RNA processing and 
modification 
Contig4074 similar to alpha-tubulin [Schmidtea polychroa]  7.00E-92 Cytoskeleton 
PL08009A1H09 similar to beta-tubulin [Bombyx mori] 3.00E-55 Cytoskeleton 
PL08003B2H02 similar to predicted protein [Nematostella vectensis] 1.00E-22 unknown 
Contig5851 similar to glutamate receptor Gr1 [Bombyx mori] 3.00E-25 unknown 
Contig7537 similar to alpha-tubulin [Fasciola hepatica]  8.00E-92 Cytoskeleton 
Contig6429 similar to tubulin alpha [Lubomirskia baicalensis]  6.00E-33 Cytoskeleton 
PL06017B1C11 similar to hypothetical protein [Schistosoma mansoni] 3.00E-50 unknown 
Contig3963 
similar to triose phosphate isomerase [Dugesia 
japonica]    1.00E-21 
Carbohydrate transport and 
metabolism 
Contig7172 
similar to Phosphoenolpyruvate carboxykinase, 
cytosolic [Salmo salsar] 4.00E-74 
Energy production and 
conversion 
PL030017A10G01 similar to alpha-tubulin [Schmidtea polychroa]  9.00E-91 Cytoskeleton 
PL08001A1A01 similar to alpha-III tubulin [Homarus americanus] 5.00E-34 Cytoskeleton 
Contig1281 
similar to Fructose-1,6-bisphosphate aldolase 
[Schistosoma mansoni] 
3.00E-
141 
Carbohydrate transport and 
metabolism 
PL05005B1B09 
similar to Tubulin, alpha family member (tba-9)  
[Caenorhabditis elegans] 5.00E-10 Cytoskeleton 
Contig3918 
similar to eukaryotic translation initiation factor 3, 
subunit C [Danio rerio] 2.00E-64 
Translation, ribosomal structure 
and biogenesis 
Contig5850 no hits   no hits 
Contig488 no hits   no hits 
Contig2134 
similar to transmembrane BAX inhibitor motif 
containing 6 [Mus musculus] 7.00E-37 Defense mechanisms 
PL06011A2A09 
similar to CCT-gamma protein [Drosophila 
melanogaster] 1.00E-08 
Posttranslational modification, 
protein turnover, chaperones 
Contig3830 no hits   no hits 
PL08004B1C07 
similar to alpha-tubulin at 84D, isoform A [Drosophila 
melanogaster] 3.00E-62 Cytoskeleton 
Contig6058 similar to enolase [Echinostoma caproni]  
4.00E-
159 
Carbohydrate transport and 
metabolism 
PL08001A1F12 no hits   no hits 
Contig4152 similar to tubulin, alpha 1 [Xenopus tropicalis] 9.00E- Cytoskeleton 
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148 
Contig4370 
similar to Tubulin alpha-1 chain [Schistosoma 
japonicum] 9.00E-06 Cytoskeleton 
Contig1744 no hits   no hits 
Contig6142 no hits   no hits 
PL08004B1E04 similar to pyruvate kinase [Schstosoma mansoni] 7.00E-31 
Carbohydrate transport and 
metabolism 
PL06022B2C01 similar to tubulin subunit beta [Schistosoma mansoni] 
2.00E-
108 Cytoskeleton 
Contig5230 
similar to glutamine synthetase [Enchytraeus 
japonensis] 
3.00E-
142 
Amino acid transport and 
metabolism 
PL08006B2F01 
similar to UBX domain containing protein [Brugia 
malayi] 3.00E-09 unknown 
Contig5229 
similar to n-acetyltransferase mak3 [Schistosoma 
mansoni] 6.00E-19 
General function prediction 
only 
Contig6230 no hits   no hits 
Contig5990 similar to creatine kinase [Schistosoma mansoni] 0.00E+00 
Energy production and 
conversion 
Contig1152 no hits   no hits 
PL06004A1C12 similar to Kinesin light chain [Gallus gallus] 2.00E-40 Cytoskeleton 
PL08003A1D07 
similar to Tubulin alpha chain [Encephalitozoon 
cuniculi GB-M1] 2.00E-05 Cytoskeleton 
Contig4731 similar to dynein light chain [Schistosoma mansoni] 4.00E-14 Cytoskeleton 
PL030013B10B06 similar to alpha-tubulin [Schmidtea polychroa] 1.00E-40 Cytoskeleton 
PL08001B1F07 similar to alpha-tubulin [Dugesia ryukyuensis] 4.00E-14 Cytoskeleton 
PL06012A2A09 similar to hypothetical protein [Schistosoma mansoni] 5.00E-70 unknown 
PL06005A2H02 
similar to Leucine rich repeat containing 40 [Danio 
rerio] 1.00E-30 unknown 
Contig4330 similar to Tubulin, beta 4 [Fasciola hepatica] 0.00E+00 Cytoskeleton 
PL08009B1E11 no hits   no hits 
Contig2459 no hits   no hits 
Contig1900 
similar to Proteasome activator pa28 beta subunit 
family protein [Brugia malayi] 1.00E-23 
Posttranslational modification, 
protein turnover, chaperones 
Contig2534 no hits   no hits 
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PL08002A1A02 
similar to cct8 protein [Xenopus (Silurana) tropicalis] 1.00E-40 
Posttranslational modification, 
protein turnover, chaperones 
Contig1552 no hits   no hits 
PL06011A1C11 
similar to Muscle glycogen phosphorylase [Rattus 
norvegicus] 3.00E-84 
Carbohydrate transport and 
metabolism 
Contig5607 no hits   no hits 
PL06020B2H12 no hits   unknown 
Contig4510 similar to unknown [Schistosoma japonicum] 1.00E-23 unknown 
PL08001B2D05 
similar to T-complex protein 1 subunit delta 
[Schstosoma japonicum] 2.00E-37 
Posttranslational modification, 
protein turnover, chaperones 
PL06010A1D07 
similar to lymphocyte cytosolic protein 1 (I-plastin) 
[Mus musculus] 3.00E-27 Cytoskeleton 
PL06012A2B10 similar to pyruvate kinase [Salmo salar] 8.00E-37 
Carbohydrate transport and 
metabolism 
Contig4559 no hits   no hits 
PL08004A1B12 
similar to Chaperonin containing t-complex protein 1 
gamma subunit tcpg [Schstosoma mansoni] 2.00E-59 
Posttranslational modification, 
protein turnover, chaperones 
PL06016B2H07 similar to tektin 3 [Xenopus (silurana) tropicalis] 1.00E-15 Cytoskeleton 
Contig5633 
similar to Tubulin, alpha family member (tba-4) 
[Caenorhabditis elegans] 1.00E-73 Cytoskeleton 
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Table 3.6. Genes Required for Various Stages of Planarian Germ Cell Development 
 
Protein 
Name 
Homologs in Other Species Known Functions in 
Germ Cell 
Development 
Possible 
Mechanisms 
Germ 
Granule 
Component? 
Bic-C protein bicaudal C homolog 1-B [Xenopus laevis] (NP_001088559.1) (5e-54); 
bicaudal C homolog 1 [Rattus norvegicus] (NP_001102001.1) (2e-53);  
Bic-C protein [Xenopus laevis] (AAI70337.1) (3e-53);  
bicaudal C homolog 1 [Mus musculus] (NP_113574.1) (1e-52);  
bicaudal C homolog 1 [Homo sapiens] (NP_001073981.1) (1e-51); 
bicaudal C, isoform A [Drosophila melanogaster] (NP_476865.1) (4e-42) 
Drosophila oogenesis 
(Chicoine et al., 2007)  
repress 
translation by 
recruiting 
CCR4 
mRNP 
complex in 
Drosophila 
oocytes 
EIF3C eukaryotic translation initiation factor 3, subunit C [Danio rerio] (NP_998628.1) 
(7e-130); 
eukaryotic translation initiation factor 3, subunit C [Xenopus (Silurana) 
tropicalis] (NP_989413.1) (1e-126) 
Eukaryotic translation initiation factor 3, subunit C [Mus musculus] 
(AAH25032.1) (3e-125); 
eIF-3 p110 subunit [Homo sapiens] (AAC27674.1) (1e-124); 
eIF3-S8 [Drosophila melanogaster] (NP_611242.1) (2e-119) 
N/A translational 
initiation 
N/A 
ELAV1 ELAV-like 4 isoform d [Mus musculus] (NP_001156871.1) (1e-111); 
ELAV-like isoform 4 [Homo sapiens] (NP_001138248.1) (3e-110); 
ElrD protein [Xenopus laevis] (AAH99348.1) (4e-110); 
RNA-binding protein 9, isoform E [Drosophila melanogaster] (NP_599125.1) 
(3e-107) 
Drosophila oogenesis 
(Kim-Ha et al., 1999); 
flatworm 
spermatogenesis (Sekii 
et al., 2009) 
mRNA 
splicing;  
mRNA 
stability; 
translational 
activation 
N/A 
ELAV2 RNA binding protein Elavl4 [Mus musculus] (AAC40080.1) (2e-108); 
ELAV-like 4 isoform 5 [Homo sapiens] (NP_001138249.1) (2e-108);  
RNA-binding protein 9, isoform E [Drosophila melanogaster] (NP_599125.1) 
(2e-108); 
ElrD protein [Xenopus laevis] (AAH99348.1) (5e-108) 
Drosophila oogenesis 
(Kim-Ha et al., 1999);  
flatworm 
spermatogenesis (Sekii 
et al., 2009) 
mRNA 
splicing;  
mRNA 
stability; 
translational 
activation 
N/A 
PABPC poly(A) binding protein, cytoplasmic 1 [Mus musculus] (NP_032800.2) (8e-
91);  
poly A binding protein, cytoplasmic 1 a [Danio rerio] (NP_001026846.1) (1e-
90); 
poly(A) binding protein, cytoplasmic 1, isoform CRA_e [Homo sapiens] 
N/A RNA 
metabolism; 
translation 
chromatoid 
body in mouse 
spermatids 
(Kimura et al., 
2009) 
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Name 
Homologs in Other Species Known Functions in 
Germ Cell 
Development 
Possible 
Mechanisms 
Germ 
Granule 
Component? 
(EAW91819.1) (4e-90) 
SPAC1 hypothetical protein [Schistosoma japonicum] (CAX83113.1) (3e-14);  
hypothetical protein Y57G11C.9 [Caenorhabditis elegans] (NP_502785.2) (3e-
04) 
N/A N/A N/A 
HNRNP
A2 
 
heterogeneous nuclear ribonucleoprotein A2/B1 isoform B1 [Homo sapiens] 
(NP_112533.1) (2e-56); 
heterogeneous nuclear ribonucleoprotein A2/B1 isoform 2 [Mus musculus] 
(NP_872591.1) (3e-56);  
heterogeneous nuclear ribonucleoprotein A2/B1 [Xenopus (Silurana) tropicalis] 
(NP_001016926.1) (3e-56) 
N/A RNA 
metabolism 
N/A 
C3H-4 
like 
hypothetical protein [Schistosoma mansoni] (XP_002576909.1) (6e-73);  
C3H-4 protein [Xenopus laevis] (AAI70356.1) (4e-04);  
zinc finger protein 36-like 3 [Mus musculus] (NP_001009549.1) (5e-04) 
Xenopus oogenesis 
(Belloc and Mendez, 
2008) 
repress 
translation by 
recruiting 
CCR4 
mRNP 
complex in 
Xenopus 
oocytes 
MSY4 Y1 protein [Dugesia etrusca] (CAD27800.1) (4e-119); 
cold shock domain protein A , isoform CRA_a [Mus musculus] (EDL20885.1) 
(2e-38);  
RNA binding protein MSY4 [Mus musculus] (AAF61741.1) (3e-38);  
cold shock domain protein A [Homo sapiens] (AAH08801.1) (9e-38) 
mouse spermatogenesis 
(Giorgini et al., 2002) 
repress 
translation 
N/A 
RAP55 LSM14 homolog B, isoform CRA_a [Homo sapiens] (EAW75401.1) (1e-35);  
LSM14B, SCD6 homolog B [Xenopus (Silurana) tropicalis] (NP_001025676.1) 
(2e-34);  
LSM14 homolog B [Mus musculus] (NP_808395.2) (5e-31);  
CAR-1 [Caenorhabditis elegans] (NP_493254.1) (2e-23); 
Trailer hitch [Drosophila melanogaster] (NP_648585.3) (7e-19) 
oogenesis in C. elegans 
(Boag et al., 2005); 
oocyte patterning in 
Drosophila (Wilhelm et 
al., 2005); 
repress 
translation 
mRNP 
complex in 
Xenopus 
oocytes; 
mRNP 
compelx in  
Drosophila 
oocytes; 
P granules in 
C. elegans 
SPED1 no hit N/A N/A N/A 
BRG1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily a, member 2 isoform 2 [Danio rerio] (NP_001038240.1) (2e-90); 
SMARCA4 [Mus musculus] (AAH23186.1) (2e-89); 
SMARCA4 isoform 2 [Homo sapiens] (AAG24790.1) (2e-89); 
N/A chromatin 
remodeling 
N/A 
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Name 
Homologs in Other Species Known Functions in 
Germ Cell 
Development 
Possible 
Mechanisms 
Germ 
Granule 
Component? 
Brg1 [Xenopus laevis] (AAV91782.1) (7e-87) 
NF-YB Nuclear Y/CCAAT-box binding factor B subunit NF-YB (NP_001083803.1) 
[Xenopus laevis] (1e-29); 
Nuclear transcription factor Y, beta [Homo sapiens] (AAH07035.1) (2e-29); 
Nuclear transcription factor-Y beta [Mus musculus] (NP_035044.1) (2e-29);  
nuclear transcription factor Y, beta [Danio rerio] (NP_001017565.1) (9e-29); 
Nuclear factor Y-box B [Drosophila melanogaster] (NP_609997.1) (1e-28) 
N/A transcriptiona
l regulation 
N/A 
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CHAPTER 4 
CONCLUSIONS AND FUTURE DIRECTIONS 
This thesis is a presentation of the work I have conducted during my graduate 
studies in the laboratory of Dr. Phillip Newmark. The goal of this work was to better 
understand the germ cell development of planarian, an emerging model organism for 
investigating stem cell biology and regeneration. This research lays the groundwork for 
using planarian as a model system to study germ cell specification, differentiation, and 
regeneration.  
The data presented in chapter 2 explored the roles of nanos ortholog in planarian 
germ cell development and regeneration. nanos is one of the best characterized and 
evolutionarily conserved genes critical for germ cell development in diverse organisms. 
Previously, nanos ortholog has been described for planarian Dugesia japonica (Sato et 
al., 2006), but the function of planarian nanos gene remained unknown. In this study, I 
identified nanos ortholog from Schmidtea mediterranea and showed that Smed-nanos is 
required for germ cell development, maintenance and regeneration in hermaphroditic S. 
mediterranea. Using nanos as an early germ cell marker, I was also able to re-visit and 
confirmed Thomas Hunt Morgan’s observation (Morgan, 1902) that the planarian head 
fragments amputated anterior to the ovaries and, thus, devoid of all germ cells were 
capable of regenerating the germline de novo. I also showed that asexual planarians, 
although never developing sperm or oocytes, have presumptive germ cells (or primordial 
germ cells, PGCs) whose further differentiation is blocked. When nanos function is 
inhibited by RNAi, these cells fail to maintain their expression of the germ cell marker 
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gH4. Therefore, nanos is also required for maintaining germ cell identity in these asexual 
PGCs. 
Chapter 3 is devoted to identifying genes specifically expressed in planarian germ 
cells and genes that are required for planarian germ cell differentiation. First, microarray 
analyses were conducted to identify genes enriched in planarian germ cell population by 
comparing transcriptional profiles of nanos(RNAi) and control animals. Second, in situ 
hybridization was utilized to validate the germ cell-enriched expression patterns of the 
microarray top hits. Finally, RNAi experiments were conduced to analyze functions of 
candidate genes, leading to the identification of 13 genes required for various stages of 
germ cell development, including early PGC proliferation/differentiation, meiosis, and 
sperm maturation. Interestingly, the majority of these genes are predicted to encode 
RNA-binding proteins, highlighting critical roles for post-transcriptional regulation 
during germ cell development. Additionally, a transcription factor, Nuclear Factor Y 
subunit B was found to be important for maintaining spermatogenesis; I propose that this 
protein regulates spermatogonial stem cell self-renewal. This work was the first attempt 
to investigate systematically the molecular mechanisms involved in planarian germ cell 
development. Importantly, most of the functionally characterized genes are conserved, 
demonstrating that the planarian can serve as an excellent model system to identify 
previously unknown factors important for germ cell development. 
One immediate follow-up study to conduct will be the further characterization of 
RNAi phenotypes described in Chapter 3. For example, for genes whose RNAi resulted 
in meiotic failure, the exact stages of the defects still remain to be determined, and the 
mechanisms underlying these various phenotypes remain to be deciphered. Electron 
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microscopy studies and identification of meiotic markers should facilitate such analyses. 
In (NF-YB)RNAi animals, the mechanisms for the spermatogonial degeneration remain to 
be determined: do the disappearing SSCs die by apoptosis, do they simply undergo 
premature differentiation, or do they fail to proliferate? 
Although this study identified many germ cell-specific genes (see Chapter 3), they 
are not likely to represent a complete collection of planarian germ cell-specific 
transcripts. To this end, we have conducted 454 sequencing of the cDNA libraries of 
sexual nanos(RNAi) and control animals (Wang et al, unpublished results), which 
generated 54,653 contigs and 57,315 singlets after assembly. Although nanos is not 
represented in our S. mediterranea EST collection, there are two unique sequences 
representing nanos transcript in the 454 sequence assembly, suggesting that this 
collection is likely to be a more complete representation of the transcriptome of juvenile 
sexual S. mediterranea. By analyzing these sequences (esp., by comparing nanos(RNAi) 
reads to control reads), we should be able to identify more potential germ cell-specific 
genes, which will provide more candidates for subsequent functional analyses.  
Monoclonal antibody generation will also be useful to facilitate analyses of 
planarian germ cell development and RNAi phenotypes. Germ cell-specific genes 
identified from Chapter 3 provide a useful repertoire for such antigens. Another 
alternative strategy for generating these antibodies will be to directly immunize mice with 
enriched spermatogenic populations.  
The majority of genes characterized functionally in this thesis are predicted to 
encode RNA-binding proteins, including nanos. mRNA targets for these germline-
specific RNA-binding proteins remain to be identified. For this purpose, we can generate 
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antibodies for these proteins, perform immuno-precipitation experiments, and then 
sequence the associated RNAs. Similarly, biochemical analysis (such as SELEX, 
systematic evolution of ligands by exponential enrichment (Tuerk and Gold, 1990)) can 
also be used to identify putative binding sites. This should help us to uncover the 
regulatory network underlying various germ cell differentiation events. 
Results presented in this thesis reflect our initial attempts to investigate the 
molecular mechanisms involved in planarian germ cell development. This work 
contributes to our basic understanding of planarian germ cell biology, yet many more 
important questions remain to be answered, such as: 
(i) Origin of planarian germ cells. Existing evidence suggests that planarian germ 
cells derive from neoblasts, for example, enriched fraction of neoblasts from sexual 
animals can convert asexual animals to the sexual mode of reproduction when 
transplanted into irradiated asexual animals (Baguñà et al., 1989). However, are all 
neoblasts equivalent in terms of their ability to generate germ cell precursors? Do 
planarians form germline precursors which then exclusively give rise to all germ cells in 
the organisms, or do neoblasts continuously contribute to gonadal development throught 
the animal’s life? 
(ii) The mechanisms of planarian germ cell specification. The signaling pathways 
that instruct the formation of germ cell precursors, presumably, from neoblasts, remain to 
be identified. Among organisms that have inductively specified germline, the 
mechanisms are best understood in mouse: BMP signaling has been shown to be critical 
for inducing the formation of germ cell precursors from the pluripotent epiblasts (Lawson 
et al., 1999; Ying et al., 2000; Ying and Zhao, 2001; Ohinata et al., 2009), and germ cell-
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intrinsic factors such as transcription factor Blimp1, are found to be critical for final 
specification of the PGCs (Ohinata et al., 2005; Vincent et al., 2005). It remains to be 
determined whether similar pathways are responsible for germ cell specification in 
planarians. Since BMP4 signaling is involved in planarian dorso-ventral polarity 
patterning (Molina et al., 2007; Reddien et al., 2007), its function in germ cell 
specification has yet to be resolved. A planarian ortholog of Blimp1, on the other hand, 
remains to be identified and functionally characterized. 
(iii) Location of germ cell specification and mechanisms of germ cell migration. A 
previous study suggests that germ cell progenitors are specified on the ventral side of the 
animal and then migrate towards the dorsal side where further differentiation occurs 
(Ogawa et al., 1998). If so, what are the mechanisms of germ cell migration? And what 
mechanisms are required for preventing pre-mature differentiation during their 
migration? Conserved mechanisms of germ cell migration have been identified in 
organisms like Drosophila, zebrafish, and mouse (Santos and Lehmann, 2004; Kunwar et 
al., 2006; Raz and Reichman-Fried, 2006), for example, in zebrafish and mouse, PGCs 
express the G-protein coupled receptor CXCR4 on their surface and are guided by 
chemokine SDF-1a to arrive at the future gonad (Doitsidou et al., 2002; Knaut et al., 
2003; Molyneaux et al., 2003). In Drosophila, a G protein-coupled receptor Tre-1 directs 
PGC migration (Kunwar et al., 2003; Kunwar et al., 2008). In addition, PGC migration 
also relies on HMG-CoA reductase activity in both fly and zebrafish (Van Doren et al., 
1998; Thorpe et al., 2004). It will be interesting to determine whether similar mechanisms 
are responsible for germ cell and/or neoblast migration in planarians. 
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(iv) The components of chromatoid body and their functions in germ cell 
development. Chromatoid bodies are electron-dense ribonucleoprotein particles found in 
planarian neoblasts as well as germ cells (Yoshida-Kashikawa et al., 2007). Chromatoid 
bodies resemble  germ granules found in other animal species, and homologs of a few 
germ granule components have been found to localize to chromatoid bodies in planarians, 
including Spoltud-1, DjCBC-1, and Smed-SmB (Yoshida-Kashikawa et al., 2007; Solana 
et al., 2009; Fernandez-Taboada et al., 2010). A careful study of chromatoid body 
components in neoblasts and different germ cell populations should benefit our 
understanding of the molecular and cellular changes that are associated with germ cell 
specification and of the differences between somatic and germline differentiation. 
(v) The establishment of the sexual identity in planarian germline. Sex 
determination in other animal species has been shown to rely on signals from the 
surrounding soma (Wawersik et al., 2005; Casper and Van Doren, 2006; Casper and Van 
Doren, 2009). Hermaphroditic planarians have ovaries and testes distributed at specific 
locations in the animal, and it has been suggested that a territorial influence is able to 
direct neoblasts to differentiate into female or male germ cells (Ghirardelli, 1965). It will 
be interesting to identify the molecules responsible for setting up the territories in which 
primordial testes and ovaries develop and for determining the sex of the germ cells. 
Research presented in this thesis demonstrates the value of planarians for informing 
our understanding of germ cell biology in general. Functional genomic tools that were 
developed in planarians in the past decade, including high-throughput in situ 
hybridization, sequenced genome, and RNA interference make it possible to study 
planarian germ cell development at the molecular and cellular level. In order to perform 
105 
gain-of-function analyses, it is necessary to develop transgenic tools in this organism in 
the future. Further investigation of planarian germ cell development should hold great 
promise with the help of these powerful tools and should continue to contribute to our 
knowledge of germ cell biology and the understanding of totipotency. 
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CHAPTER 5 
MATERIALS AND METHODS 
Planarian Culture 
Clonal lines of hermaphroditic (Zayas et al., 2005) and asexual (Sanchez Alvarado 
et al., 2002) S. mediterranea were used for all experiments. Sexual planarians were 
maintained in 0.75× Montjuïc salts at 18°C and asexuals in 1× Montjuïc salts at 21°C 
(Cebria and Newmark, 2005). Animals were fed weekly with organic calf liver and 
starved 1 week before use. 
Isolation of Smed-nanos 
Early in the S. mediterranea genome project we queried the available whole-
genome shotgun reads (Washington University Genome Sequencing Center, St. Louis, 
MO) by tblastn using the mouse NANOS1 (Q80WY3) and Drosophila NANOS 
(P25724) sequences and obtained a single read (TI 314542315) containing the sequence 
predicted to encode the Nanos-zinc finger motif. We designed primers corresponding to 
this highly conserved motif to amplify the transcript from a directionally cloned cDNA 
library in pBluescript II SK(+) generated from S. mediterranea juvenile hermaphrodites 
(Zayas et al., 2005). The gene specific primers used were:  
5’- TTGATTGTATGAGCAAAGTCACC-3’ (reverse outer),  
5’-CACAATGGGCATGTATAATTACG-3’ (reverse inner),  
5’- GGAAGCATGGCCTGAAAAGC-3’ (forward outer), and  
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5’- TTCGCAAAGAGAGTCATATTGAAC-3’ (forward inner). These primers were used 
in combination with standard primers M13 forward and reverse and modified primers to 
the T7 and T3 promoters 5’-CGCGTAATACGACTCACTATAGGG-3’ and  
5’-GCTATGACCATGATTACGCCAAGC-3’, respectively.  
A ~470 bp (forward) and a ~408 (reverse) fragment were obtained from the second 
round of amplification and were gel purified using Qiaex II resin (Qiagen), cloned into 
pCR II T-A cloning vector and transformed into Oneshot TOP10F’ competent cells 
(Invitrogen). Clones were checked for inserts by colony PCR; plasmid DNA was then 
purified by mini-prep (Wizard Plus SV minipreps, Promega). Inserts were sequenced 
using the standard Big Dye 3.1 sequencing reaction (ABI) and were analyzed using 
Sequencher 4.6 (Gene Codes Co.). 
To generate a riboprobe, a modified M13 forward 5’-gcgaattcATAATTCTA 
CATTGAC-3’, and T7 5’-gcgaattcCATATAACATTGATTC-3’ combined with the gene-
specific reverse primers were used to re-amplify Smed-nanos from cDNA. The PCR 
product was digested with EcoRI and BamHI, and cloned into pBluescript II SK(+) 
(Invitrogen) and verified by sequencing.  To obtain the full-length Smed-nanos sequence 
additional rounds of 5’ amplification from the cDNA library yielded a 579 bp fragment 
containing the remaining 5’ sequence that matches the genomic sequence (Fig. 1). 
Northern Blot Analysis 
Total RNA (5 mg) was separated in a formaldehyde/agarose gel. After 
electrophoresis, RNA was capillary transferred to Hybond N+ nylon membrane 
(Amersham) and UV cross-linked to the membrane using a Spectrolinker XL-1500 
(Spectronics Corporation). The digoxigenin-labeled RNA probe contained 678 bp 
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corresponding to the Smed-nanos gene. Hybridizations were carried out in DIG Easy Hyb 
(Roche) for 18 hrs at 68°C. The blot was washed twice in 2X SSC/0.1% SDS at room 
temperature and twice in 0.5X SSC/0.1% SDS 68°C. The hybridized probe was detected 
as described in (Zayas et al., 2005). 
Whole-Mount In Situ Hybridization 
For Chapter 2, whole-mount in situ hybridization was performed and imaged as 
described for sexual (Zayas et al., 2005) and asexual animals (Sanchez Alvarado et al., 
2002). Within a given experiment, samples were developed with substrate for the same 
amount of time. For γ-irradiation experiments, planarians were exposed to 10 or 30 Gy as 
described previously (Guo et al., 2006). For fluorescent in situ hybridization (FISH), 
whole-mount in situ hybridization was performed as described in (Zayas et al., 2005); 
after blocking, samples were incubated with 1:100 anti-Dig-POD (Roche) overnight at 
4°C.  After antibody incubation, samples were then 5 X one hour with MABT (100 mM 
maleic acid; 150 mM mM NaCl; 0.1% tween-20; pH 7.5) followed by washes with PBS 2 
X 10 min.  Samples were developed with 1:1000 FITC-tyramide (generated using 
fluorescein mono N-Hydroxysuccinimide-ester (Pierce 46100) and tyramide (Sigma T-
2879) in the presence of 0.001% H2O2 in PBST (0.01% tween-20) for 10-20 minutes.  
After developing, samples were washed with PBST for 1-2 days, then mounted with 
vectashield (Vectorlabs) and imaged with a SteREO Lumar microscope (Zeiss, 
Thornwood, NY) or a CARV confocal microscope (BD Biosciences, Rockville, MD). A 
detailed protocol for FITC-tyramide synthesis is available from 
http://xenbase.org/methods.  
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For Chapter 3, in situ hybridization was performed as described (Pearson et al., 
2009) with the following modifications for large sexual planarians: they were killed in 
10% N-Acetyl-Cysteine, fixed in 4% Formaldehyde for 25-30 min, RT, and 
permeabilized with 10% SDS for 10 min, RT. Reduction was then performed at RT for 
10 min. Prior to hybridization, animals were treated with proteinase K for 20 min at RT. 
Samples were imaged with a Leica M205A microscope and DFC420 camera. For 
fluorescent in situ hybridization (FISH), after antibody incubation (anti-DIG-peroxidase, 
1:500, Roche, or anti-DNP-peroxidase, 1:100, Perkin-Elmer) overnight at 4°C, samples 
were washed in MABT for 2 hrs followed by two 10 min washes in PBS, and developed 
with FITC-tyramide or Cy3-tyramide (Perkin-Elmer) per the manufacturer’s protocol. 
For double FISH, after developing the first color, peroxidase was deactivated with 2% 
H2O2 in PBST for 1hr before blocking and second antibody incubation. FISH samples 
were imaged using a Zeiss 710 confocal microscope. 
RNAi 
For Chapter 2, RNAi feedings were performed as described previously (Reddien et 
al., 2005a). Control animals were fed bacteria containing pPR242 plasmid vector alone. 
For nanos RNAi, the corresponding cDNA was subcloned into pPR242 at the ApaI/NotI 
sites and confirmed by DNA sequencing. For Chapter 3, RNAi feedings were performed 
as described (Gurley et al., 2008). Control animals were fed bacteria containing empty 
pPR242 vector (courtesy of Peter Reddien, Whitehead Institute/MIT). nanos(RNAi) was 
performed as described as described in Chapter 2. For experimental RNAi, corresponding 
cDNAs were sub-cloned into pPR244 using Gateway cloning (Invitrogen) as described 
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(Reddien et al., 2005b) and confirmed by sequencing. For the RNAi screen, all 
experiments were performed at least twice. 
Immunofluorescence 
For Chapter 2, planarians were killed with 2% HCl, fixed in modified Schaudin's 
fixative (Guo et al., 2006), and stained as described previously (Cebria and Newmark, 
2005; Guo et al., 2006). Images were taken with a SteREO Lumar microscope (Zeiss, 
Thornwood, NY). Confocal images were obtained with a CARV confocal microscope 
(BD Biosciences, Rockville, MD) as described previously (Guo et al., 2006). For Chapter 
3, planarians were killed with 2% HCl for 5 min on ice and fixed in 4% formaldehyde in 
PBS.  Staining with anti-H3-S10P and DAPI was performed as described (Guo et al., 
2006). Staining with anti-Trailer hitch antibodies (1:1000 (crude antisera), or 1:100 
(affinity-purified), gifts of Jim Wilhelm, UCSD) was performed similarly after FISH 
procedures. Images were captured with Zeiss SteREO Lumar.V12 and 710 confocal 
microscopes. 
Microarray Analyses 
Total RNA was extracted from asexual nanos(RNAi) (n=10) and control(RNAi) 
(n=10) animals using Trizol Reagent (Invitrogen), purified with RNeasy minispin 
columns (Qiagen) with on-column DNase treatment, and quantified using a Nanodrop 
ND-1000 spectrophotometer (Thermo Scientific) and Agilent 2100 Bioanalyzer (Agilent 
Technologies). RNA samples were labeled and hybridized to custom oligonucleotide 
arrays (Roche Nimblegen) by Roche Nimblegen Inc. For juvenile sexual nanos(RNAi) vs. 
control(RNAi) comparison, RNA was extracted and purified as above, except 6 animals 
were pooled for each RNA sample. All array experiments were performed in duplicate 
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using independently prepared RNA samples from independent RNAi experiments. To 
analyze microarray data, expression values normalized using the Robust Multichip 
Average (RMA) algorithm were fit to linear model using the Bioconductor limma 
package (Gentleman et al., 2004; Smyth, 2004) to calculate moderated t-statistics (logFC 
and adjusted P-value) for each transcript. 
Gene Sequences 
Smed-elav1, Smed-elav2, Smed-PABPC, spac-1, Smed-MSY4, Smed-C3H-4-like, 
Smed-hnRNPA2, sped-1, Smed-NF-YB, and Smed-Brg1 cDNA sequences were obtained 
from ESTs from hermaphroditic S. mediterranea. Additional cDNA sequences for Smed-
bicaudal-C, Smed-eIF3c, and Smed-rap55 were obtained by PCR from hermaphroditic S. 
mediterranea cDNA, cloned into the pCR2.1-TOPO vector (Invitrogen), and entered into 
Genbank (accession numbers HM055594, HM055595, and HM055596). 
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Appendix A 
A PLANARIAN SLIT ORTHOLOGUE IS REQUIRED FOR 
PROPER DISTRIBUTION OF THE GERM CELLS IN 
SCHMIDTEA MEDITERRANEA 
 
Introduction 
In hermaphroditic Schmidtea mediterranea, the gonads appear to associate with the 
CNS in a certain way: testes lobules are distributed in two dorso-lateral strips parallel to 
the nerve cords located on the ventral side, and a pair of ovaries are located posterior to 
the cephalic ganglia.  Because of such positional coincidence, it has been speculated that 
planarian neuronal system can influence the patterning of the reproductive organs 
(Ghirardelli, 1965). It is generally believed that neoblasts give rise to all cell types in 
planarians, including nerve cells and germ cells (Newmark and Sanchez Alvarado, 2002); 
therefore, two possible mechanisms may explain this apparent association of the CNS 
and the gonads: first, the same positional cues may instruct the patterning of the nervous 
system and the gonads; alternatively, the nervous system may release molecules that 
determine the location of germ cell specification and/or differentiation. 
A planarian slit orthologue in Schmidtea mediterranea, Smed-slit, is one of the best 
characterized genes that are critical for neuronal patterning in this organism (Cebria et al., 
2007). Slit proteins are a family of conserved axon guidance cues, which are large, 
extracellular glycoproteins containing leucine-rich repeats and EGF repeats (Brose and 
Tessier-Lavigne, 2000; Wong et al., 2002; Dickson and Gilestro, 2006). In Drosophila 
slit mutants, commissural and longitudinal axons collapse at the midline, suggesting that 
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Slit acts as a repulsive molecule for midline commissural axon guidance (Rothberg et al., 
1990; Kidd et al., 1999). In planarian, slit(RNAi) results in midline defects similar to 
those observed in Drosophila: in regenerates, cephalic ganglia and ventral nerve cords 
(VNC) fuse at the midline; in addition, posterior gut branches also fuse at the midline. 
More strikingly, slit(RNAi) in intact animals causes ectopoic formation of neural tissues 
at the midline, without affecting pre-existing neuronal structures (Cebria et al., 2007).  
In this study, in order to investigate the impact of the nervous system on the 
patterning of planarian goands/germ cells, we examined the distribution of testes in 
sexual planarians subjected to slit RNAi. We found that slit(RNAi) in sexual planarians 
resulted in ectopic testes lobule formation along the midline, instead of being restricted to 
two dorso-lateral strips. In asexual planarians, slit(RNAi) also resulted in ectopic 
primordial germ cells (PGCs) forming along the midline. We conclude that Slit is 
required for the establishment of proper patterning of planarian germ cells. 
Results 
Ectopic Testes Formation along the Midline after Smed_slit RNAi Knockdown in 
Sexual Planarians 
We first examined the expression pattern of slit in sexual planarians. In asexual 
planarians, slit is expressed in discrete dorsal and ventral cell populations along the 
midline. A similar expression pattern was observed in the sexual animals (Fig A.1A, 
anterior dorsal population was shown). We then verified that slit(RNAi) results in same 
midline defects in sexual planarians: after two dsRNA feedings, slit(RNAi) results in 
efficient elimination of the transcripts (Fig A.1B); mature sexual animals were then 
treated with slit dsRNA three times, amputated prepharyngeally, and allowed to 
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regenerate the heads. Photoreceptors in these tail regenerates fused at the midline, as seen 
in asexual slit(RNAi) regenerates (Fig A.1C). 
The distribution of testes lobules in slit(RNAi) animals was then revealed by in situ 
hybridization to detect the gH4 transcripts, a marker for spermatogonial cells. Whereas 
control animals showed normal dorso-lateral distribution of testes, slit(RNAi) animals 
developed ectopic testes along the midline in the prepharyngeal region. Surprisingly, in 
the postpharyngeal region, where no regeneration takes place, ectopic testes were also 
formed along the midline, in between the pre-existing testes lobules (Fig A.2A and B). 
Similarly, in the headpieces that regenerated the missing tails, ectopic testes formed along 
the midline in both the regenerated post-pharyngeal region and the pre-existing 
prepharyngeal region (Fig A.2C and D). Taken together, these results indicate that Slit is 
required for proper bi-lateral patterning of the testes in both regenerating and homeostatic 
tissues. 
Previously it was shown that slit(RNAi) caused defects in midline patterning of both 
CNS and posterior gut in regenerating animals; however, in intact planarians, slit(RNAi) 
only resulted in ectopic neural tissue formation at the midline, while gut patterning was 
not affected (Cebria et al., 2007). In order to examine the patterning of gut branches in 
the postpharyngeal region of the sexual slit(RNAi) tail pieces that regenerated heads, 
immunostaining with an anti-muscle antiserum was performed to label the enteric muscle 
layer surrounding the intestine. No obvious defects were observed, suggesting that the 
posterior gut patterning was not affected in these head regenerates, consistent with 
previous observations (Fig A.3). Taken together, these results suggest that, in sexual 
planarians, the effect of slit knockdown is specific to the nervous system and the 
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reproductive organs in the non-regenerating tissues. Therefore, ectopic testes formation 
did not appear to be a result of general midline patterning defects. 
Ectopic PGC Formation along the Midline after Smed-slit RNAi Knockdown in 
Asexual Planarians 
Although asexual planarians never form gonads, they have primordial germ cells 
(PGCs) that do not differentiate further (See Chapter 2). Therefore, we went on to 
examine the distribution of PGCs in asexual animals after slit knockdown. After one 
month of RNAi treatment in intact asexual animals, while control animals showed normal 
bi-lateral distribution of gH4-positive PGCs (Fig A.4A and B), PGCs were detected 
either along the midline (Fig A.4E and F), or more widely spread in the dorsal 
mesenchyme (Fig A.4C and D). Therefore, these results suggest that Slit is required for 
proper distribution of early germ cells in asexual planarians. 
Discussion 
How the bi-lateral distribution of testes and PGC is established and maintained in 
planarians remains unclear. Presumably, certain positional cues are responsible for 
specifying such a pattern. There are two possible mechanisms for this process: (i) 
neoblasts in the vicinity of prospective testes are induced “in situ” to form germ cell 
precursors, which differentiate further to form testes lobules; (ii) germ cell progenitors 
are more widely specified; positional cues then instruct these germ cell progenitors to 
migrate to the location of prospective testes where further differentiation takes place. Our 
results showed that after slit knockdown, ectopic testes/PGCs form along the midline, 
suggesting that Slit is required for restricting germ cell specification/differentiation to the 
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dorso-lateral territories overlying the ventral nerve cords. The mechanism by which Slit 
acts as a repulsive cue for patterning planarian germ cells could then be one of the 
following: Slit could act as repulsive cue for some other signaling molecules that induce 
germ cell specification; in the absence of Slit, these signaling molecules fail to locate 
away from the midline, resulting in ectopic formation of germ cell progenitors. Since 
slit(RNAi) animals form ectopic neuronal tissues at the midline, such inducing signaling 
molecules could very well be coming from the neuronal tissues. Alternatively, Slit could 
either act as a midline repellent directly on germ cells, leading the germ cell progenitors 
generated along the midline away from the location of their derivation, or preventing 
germ cell progenitors generated elsewhere from migrating towards the midline, or both. 
Further analysis will be needed to distinguish between these possibilities, e.g., analyzing 
whether the PGCs express genes encoding the Slit receptors. However, both explanations 
suggest profound influence of nervous system on planarian germ cell development. 
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Figures 
 
 
 
 
Figure A.1. slit(RNAi) Resulted in Efficient Elimination of slit Transcript and 
Cyclopic Anterior Regenerates in Sexual Planarians 
(A) slit is expressed in discrete cells at the dorsal midline (arrows) in control animals (B) 
slit transcript was eliminated in slit(RNAi) animals. Animals were fed dsRNA food twice 
over a week and fixed 10 days after the second feeding. (C) slit(RNAi) anterior regerates 
have fused photoreceptors, 14 days post-amputation. Animals were fed dsRNA food 
twice over a week and amputated prepharyngeally a week after the second feeding.  Scale 
bars, (A and B), 400 µm; (C) 1mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
118 
 
 
Figure A.2. Ectopic Testes Formation in slit(RNAi) Sexual Animals  
In situ hybridizations were performed to detect gH4 transcript, revealing testes 
distribution in control and RNAi animals. Ectopic testes are detected in between the two 
dorso-lateral strips where testes lobules normally localize (arrows). (A and B) Tail pieces 
that regenerated heads. Inset, magnification of boxed region. (C and D) Head pieces that 
regenerated tails. White arrow, ectopic photoreceptor in slit(RNAi) animals. All animals 
were fed dsRNA food twice over a week and amputated prepharyngeally a week after the 
second feeding. RNAi feedings were resumed 14 days post-amputation. Tail and head 
pieces were fixed a month and two months post-amputation, respectively. Scale bars, 
1mm. Scale bar in inset, 200 µm. 
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Figure A.3. slit(RNAi) Head Regenerates Have Ectopic Testes Lobules But Normal 
Gut Patterning in the Postpharyngeal Region.  
(A and D) In situ hybridization to detect gH4 expression. slit(RNAi) animals form ectopic 
testes near the midline. (B and E) Immunostaining with an anti-muscle antibody showing 
normal gut patterning in both control and RNAi animals (C and F) Overlay. Scale bar, 
100 µm. 
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Figure A.4. Ectopic PGC Formation in Intact slit(RNAi) Asexual Animals. 
In situ hybridizations were performed to detect gH4 transcript, revealing PGC 
distribution in control and RNAi animals. Ectopic PGCs (arrows) are detected in between 
the two dorso-lateral strips where PGCs normally localize (C and D), or along the dorsal 
midline (E and F) in the RNAi animals. All animals were fed dsRNA weekly and fixed 
one month after the first feeding. (B-F) Magnified views of boxed regions in (A, C, E). 
Scale bars, (A, C, E), 500 µm; (B, D, F), 200 µm. 
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Appendix B 
PLANARIAN GERM CELL DEGENERATION AND 
REGENERATION FOLLOWING SUB-LETHAL 
IRRADIATION 
 
Introduction 
In planarians, neoblasts represent the majority of dividing cells in the animal and 
can be depleted by lethal γ-irradiation. In hermaphroditic planarians, germ cells also 
show sensitivity to irradiation. Classical ultrastructural studies have suggested that 
planarian testes undergo complete degeneration following sub-lethal irradiation, and then 
regenerate from surrounding neoblasts (Fedecka-Bruner, 1965). In this study, we re-
visited this observation by using gH4 as a molecular marker for planarian germ cells and 
neoblasts (Zayas et al., 2005). Our results confirmed that planarian testes undergo 
complete degeneration and regeneration following sub-lethal irradiation. However, 
ovaries do not seem to be affected. Suprisingly, sub-lethal irradiation seems to have a 
larger impact on the dorsal neoblasts than on the ventral population. gH4 expression in 
most dorsal neoblasts was eliminated after irradiation, while more gH4-positive neoblasts 
were preserved on the ventral side, suggesting that dorsal and ventral neoblasts have 
different irradiation sensitivity. We also showed that in asexual planarians, PGCs also 
degenerate and regenerate following sub-lethal irradiation. 
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Results 
Testes Undergo Degeneration and Regeneration following Sub-lethal Irradiation in 
Hermaphrodite Planarians 
In order to examine neoblast and germ cell behavior following sub-lethal 
irradiation, we performed fluorescent in situ hybridization to detect gH4 transcripts at 
multiple time points in animals that were treated with 10Gy γ-irradiation. gH4 is 
expressed specifically in neoblasts and spermatogonia, as well as oogonia (Zayas et al., 
2005). Three days after sub-lethal irradiation, testes degeneration was observed in all 
animals: testes lobules were much smaller than those of intact animals, and most lobules 
appeared to be small clusters of gH4-positive cells without a lumen, suggesting that the 
differentiated cell types (spermatocytes, spermatids, and sperm) were depleted (Fig 
B.1A). There was also a dramatic reduction of gH4-positive neoblasts in the animal; 
interestingly, this reduction is more pronounced on the ventral side than on the dorsal 
side (not shown). By seven days, all testes lobules degenerated and only a few residual 
gH4-expressing germ cell clusters were left behind (Fig B.1A). Most dorsal gH4-positive 
neoblasts were eliminated at this point; on the ventral side, however, a number of gH4-
positive neoblasts were detected (not shown). Strikingly, the ovaries on the ventral side 
showed normal gH4 expression, suggesting that ovaries were probably not affected by 
this irradiation dose (Fig B.1A). By 10 days, more testes lobules were detected in the 
animal, and most of them appeared to be small clusters of gH4-positive cells 
(spermatogonia only); some showed signs of further differentiation, with lumen in the 
interior, with gH4 expression in the peripheral cells (Fig B.1A). By 15 days, testes 
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regeneration has progressed further: testes lobules look similar to those of the intact 
control animals, with a layer of gH4-positive spermatogonia on the periphery (Fig B.1A). 
Primordial Germ cells in Asexual Planarians Degenerate and Regenerate after Sub-
lethal Irradiation 
To examine the behavior of PGCs after sub-lethal irradiation in the asexual 
planarians, we performed similar FISH experiment to detect gH4 expression in the 
asexual animals. Seven days after irradiation, most gH4-positive cells were individual 
neoblasts, and only a few gH4-positive PGC clusters were detected, indicating that PGCs 
undergo degeneration after sub-lethal irradiation (Fig B.1B). By 15 days, normal bi-
lateral pattern of gH4 expression in the PGCs was restored in these animals. Therefore, 
asexual PGCs also degenerate and regenerate following sub-lethal irradiation. 
Additionally, we also observed differences between the irradiation-sensitivity of the 
dorsal and ventral neoblasts; as in sexual animals, more dorsal gH4-expressing cells were 
eliminated than on the ventral side (not shown). 
Discussion 
It was previously suggested that testes regeneration following sub-lethal irradiation 
is different from that observed after post-ovary amputation (Fedecka-Bruner, 1967). After 
amputation, the differentiated cell types within testes are lost, but a population of 
spermatogonial cells are maintained; when testes regenerate, both neoblasts and the 
residual spermatogonial cells contribute to the new testes (Fedecka-Bruner, 1967). On the 
other hand, after irradiation, testes completely regress and later regenerate solely from 
neoblasts (Fedecka-Bruner, 1967). Our results here support these observations since the 
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majority of testes lobules seem to disintegrate completely and lose their lumen as well as 
gH4-positive spermatogonial cells following irradiation. Therefore, new testes formation 
is likely to require de novo germ cell specification. 
Previously, we found that nanos transcript also behaved differently following post-
ovary amputation or sub-lethal irradiation. After post-ovary amputation, testes regress 
and the lumen disappear, but nanos-positive spermatogonia are preserved and nanos 
expression is upregulated (Wang et al., 2007). Since nanos-positive cells are likely to 
represent spermatogonial stem cells (SSCs) (Sato et al., 2006), the upregulation of nanos 
transcript in response to the amputation may reflect the activation of the SSCs (e.g., 
increased proliferation, etc), which is likely to be required for subsequent testes 
regeneration. Following sub-lethal irradiation, nanos expression level was not 
significantly altered compared to intact animals (see Chapter 2), suggesting that testes 
regeneration in this case is not likely to mainly rely on SSCs.  
Surprisingly, more neoblasts are preserved on the ventral side than on the dorsal 
side after the irradiation. Since our γ-ray source is positioned on the side of the animals, 
ventral and dorsal tissues should receive the same dose of irradiation. Therefore, this 
result indicates that ventral neoblasts (or a subpopulation of them) are more radiation-
resistant than their dorsal counterparts, and suggests that dorsal and ventral neoblasts may 
have different population dynamics (Salvetti et al., 2009). It is not clear how this 
heterogeneity may relate to neoblast behavior and their roles in regeneration and tissue 
homeostasis. 
The radioresistent neoblasts preserved after irradiation appeared to proliferate to 
repopulate the planarian body until the original distribution of neoblasts is re-established. 
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Since most dorsal neoblasts appeared to be eliminated a week after the irradiation, it is 
likely that the repopulation relys mainly on the proliferation of the ventral neoblasts and 
their subsequent migration towards the dorsal side. 
Another interesting finding is that ovaries do not seem to be affected by sub-lethal 
irradiation. This observation may also be related to the fact that ventral neoblasts (or a 
subpopulation of them) are radioresistent. 
Our results showed that asexual PGCs also degenerate and regenerate after sub-
lethal irradiation. This is consistent with previous observation that planarians can form 
germ cells de novo, probably from neoblasts (Morgan, 1902).  
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Figure 
 
 
Figure B.1. Regression and Regeneration of Planarian Testes and Pgcs after Sub-
lethal Irradiation 
(A) Testes regress and regenerate following sub-lethal irradiation in sexual S. 
mediterranea, as visualized by gH4 expression. gH4 expression in ovaries was not 
affected (arrows). (B) PGCs degenerate and regenerate following sub-lethal irradiation in 
asexual S. mediterranea, as visualized by gH4 expression. Scale bars, 1mm. 
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